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Abstract

Background—IL-17 signaling has been implicated in lung and skin fibrosis. Here we examined
the role of IL-17 signaling in the pathogenesis of liver fibrosis.

Methods—Using cholestatic and hepatotoxic models of liver injury, the development of liver
fibrosis in wild type mice was compared to IL-17RA™~ mice, and to bone marrow chimeric mice
devoid of IL-17 signaling in immune cells and Kupffer cells (IL-17RA™~—wt and IL-17A™~
—wt mice), or in liver resident cells (Wt— IL-17RA™~ mice).

Results—We determined that IL-17A and its receptor is highly induced in liver injury and has a
strong pro-fibrogenic effect on both inflammatory and liver resident cells. IL-17 signaling
facilitates production of IL-6, IL-1B, and TNF-a by inflammatory cells, and increases the
expression of TGF-B1, the major pro-fibrogenic cytokine. IL-17 directly induces collagen Type |
production in hepatic stellate cells (HSCs) via activation of the Stat3 signaling pathway. Mice
devoid of Stat3 signaling in HSCs (GFAPSt@3~/~ mice) are less susceptible to fibrosis.
Furthermore, deletion of I1L-23 in immune cells results in attenuation of liver fibrosis, while
deletion of I1L-22 exacerbates fibrosis. Administration of IL-22 and IL-17E (IL-25, a negative
regulator of I1L-23) protects mice from BDL-induced liver fibrosis.

Conclusions—IL-17 induces liver fibrosis through multiple mechanisms and may serve as an
attractive target for anti-fibrotic therapy.
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INTRODUCTION

Fibrosis is the outcome of many chronic liver diseases?, including hepatitis B virus (HBV),
hepatitis C virus (HCV), alcoholic liver diseasel. It is manifested by accumulation of
extracellular matrix (ECM) and scar formation. Several injury-triggered events play a
critical role in the pathogenesis of liver fibrosis. Hepatocyte apoptosis causes recruitment of
inflammatory cells to the damaged liver and release of pro-fibrogenic cytokines (TGF-B1,
IL-6, IL-1B, TNF-a). BM-derived and liver resident macrophages (Kupffer cells, KC)
produce TGF-B1 in the fibrotic liver:: 2. TGF-B1 is critical for activation of fibrogenic
myofibroblasts, which in response to injury upregulate a-smooth muscle actin (a-SMA) and
secrete extracellular matrix proteins, mostly collagen Type I (Coll)2. Hepatic stellate cells
(HSCs) are the major source of fibrogenic myofibroblasts in liver injury2. Under
physiological conditions, HSCs retain a quiescent phenotype (qHSCs), but following TGF-
B1 stimulation activate into Coll*a-SMA* myofibroblasts (aHSCs)?.

Interleukin-17 (IL-17)-producing effector CD4* T (Th17) cells have been recently
discovered and shown to mediate autoimmunity and immune defense against pathogens®.
IL-17A and IL-17F are the members of Th17-family of cytokines which signal through their
cognate receptors IL-17RA and IL-17RC®. IL-17A is most abundant in Th17 cells and
exhibit higher biological activity than IL-17F°. Therefore, mice deficient in IL-17A
(IL-17A~~ mice) exhibit a more pronounced phenotype than IL-17F~/~ mice> 6. The
efficiency of IL-17A signaling correlates with the expression level of surface IL-17RA’.
IL-17RA is expressed ubiquitously, and is further induced in hematopoietic cells and
fibroblasts®. Deletion of 1L-17RA results in complete abrogation of both IL-17A and IL-17F
effects®. IL-17A is mainly produced by CD4* Th17 cells, but also by a variety of cells,
including y6 T cells, CD8" T cells, NKT cells, NK cells, innate lymphoid cells, eosinophils,
neutrophils, and monocytes® and signals via TRAF6, Act1, JINK, ERK, NF-xB and Stat3° &,

Differentiation and expansion of Th17 from ThO is regulated by TGF-B1, IL-6 and IL-21,
and 1L-23°. In turn, IL-17E (IL-25) and 1L-27 negatively regulate Th17 via downregulation
of 1L-235 8, Th17 also secrete I1L-22, which has been implicated in hepatoprotection®.
Recent experimental studies, supported by clinical observations, have implicated IL-17
signaling in the fibrogenesis of lungs, skin, and liver 10 11,

The aim of our study is to characterize the role of IL-17 signaling and related cytokines in
hepatic fibrosis induced by either bile duct ligation (BDL) or carbon tetrachloride (CCl4)®.
Here we report that IL-17RA deletion in mice dramatically inhibits both models of liver
fibrosis. Using BM chimeric mice, we determined that deletion of IL-17A, I1L-23 or
IL-17RA in BM-derived cells decreases liver fibrosis by 50-55%, while deletion of IL-22
exacerbates fibrosis. Finally, we demonstrate that IL-17A directly stimulates activation of
HSCs in a Stat3-dependent manner.

MATERIALS AND METHODS

Cell Lines and mice

LX-2 cell line (gift of Dr. Friedman)!2 and hTERT cell line13, Collagen a1(1)-GFP micel4
were previously described. C57BL/6 mice (8 weeks old) and GFAP-Cre mice were
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purchased (Jackson Laboratories). We obtained IL-17RA™/~ micel® (gift of Dr. Kolls),
IL-17A~~ micel6 (gift of Dr. lwakura), and STAT3"f micel” (gift of Dr. Takeda), IL-227/
mice and 1L-237/~ mice (Genentech). All animal experiments were approved by the UCSD
Institutional Animal Care and Use Committee.

Liver injury

Liver injury was induced in mice by intragastric gavage with CCly (1:4 dilution in corn oil,
200 pl x 12 injections?) or by BDL (3 weeks)2.

Isolation of hepatocytes and non-parenchymal cell fraction and primary HSCs

Livers are perfused using pronase/collagenase method?. Singe-cell suspensions are
centrifuged at 50g for 5 minutes to pellet the hepatocyte fraction. The remaining non-
parenchymal cell fraction was collected?. KC and EC were isolated by gradient
centrifugation (15% Nycodenz) following by magnetic sorting with anti-CD11b and anti-
CD31 antibodies, respectively (Miltenyi Biotec). HSCs were isolated using gradient
centrifugation (8.2% Nycodenz, see Suppl. Methods)?.

RT-PCR and real time quantitative PCR

Quiescent HSCs (5 x 10° cells, cultured < 6 h); activated HSCs, KC and hepatocytes
(cultured for 48 h) were serum starved (for 24 h) and then stimulated with mIL-17A (10ng/
ml) and mIL-17F (10ng/ml) for 2h. LX2 and hTERT cells (5 x 10° cells) were stimulated
with hIL-17A (10ng/ml) and hIL-17F (10ng/ml) for 8h. mRNA was isolated and RT-PCR
was performed as described in Suppl. Methods.

Immunohistochemistry and immunofluorescent staining

Human tissues!® are gift of Dr. Yanagida. Immunohystochemistry was performed on
formalin-fixed livers with anti-a-SMA Ab (Dako Cytomation) using MOM kit (Vector
Laboratories) following by DAB staining (Vector), and counterstaining with Haematoxilin.
Anti-mouse Stat3 (Cell Signaling Technologies, Inc.), Stat3, NF-xB (p65), and phospho-
Stmad?2/3 (Santa Cruz) and anti-human IL-17A, Stat3 (Santa Cruz) antibodies were used.
The images were taken using confocal microscopy and analyzed by Image J.

Bone marrow transplantation

Recipient mice were intravenously injected with liposomal clodronate (150 p.l) to deplete
KC2. BMT was performed 24 h later as described!, by transplantation of the whole BM
into lethally irradiated (1200 Rad) recipient mice. The efficiency of reconstitution was
accessed in mice transplanted with p-actin-GFP BM (See Suppl. Figure 6).

Flow cytometry

Phenotyping was performed on BD LSR Il (BD) using anti-mouse antibodies (eBioscience;
see Suppl. Materials). Intracellular staining was performed after restimulation of cells with
PMA/lIonomycin/Brefeldin A (or IL-23/Brefeldin A) for 5 hours using BD Cytofix/
Cytoperm (BD, San Jose, CA).

Protein detection

Western blot analysis was performed using protein lysates from IL-17A-stimulated primary
cells or cell lines (see Suppl. Methods). Serum expression of IL-17A, IL-17F, IL-17E
(IL-25), IL-22, and IL-6 was detected by ELISA (IL-17A, IL-17E(IL25), IL-22, and IL-6
antibodies from Biolegend; IL-17F antibodies from eBioscience).
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Statistical analysis

RESULTS

All data are expressed as the mean + standard deviation (SD). Differences between
experimental and control groups were assessed by two-tailed unpaired Student’s #tests using
Graph Pad Prism 5.0 (GraphPad Software, San Diego, CA). A p-values less than 0.05 was
considered statistically significant.

Supplemental material contains Materials, Acknowledgments, References, Eight Figures and
Figure legend.

Progression of liver fibrosis correlates with elevated expression of IL-17

Expression of IL-17A and IL-17F and their cognate receptors IL-17RA and IL-17RC was
examined in two models of liver fibrosis in mice: BDL and CCl,. We determined that
MRNA levels of IL-17A, IL-17F, IL-17RA and IL-17RC in fibrotic livers were strongly
upregulated independent of the etiology of fibrosis (Figure 1A). Development of liver
fibrosis was also associated high levels of circulating IL-17A (Figure 1A). Moreover,
increased expression of IL-17A was detected in livers from patients with liver fibrosis and
cirrhosis of different etiology (vs patients with no fibrosis), and correlated with the severity
of the disease (Suppl. Figure 1). We conclude that IL-17 signaling may contribute to the
pathogenesis of liver fibrosis.

IL-17RA™~ mice are resistant to liver fibrosis. The role of IL-17 signaling in hepatic
fibrosis was studied in IL-17RA ™/~ mice, subjected to BDL or CCl, (Figure 1B-D). BDL-
induced liver fibrosis was inhibited in IL-17RA™~ mice, as demonstrated in IL-17RA™~
mice by a decrease of collagen deposition (4 £ 1% positive area) and the number of a-
SMA* myofibroblasts (5 + 1.5%) compared to wild type mice (13 + 4% and 12 + 1%,
respectively; Figure 1B). The liver function was also improved in IL-17RA™~ mice (Figure
1B). Reduced mRNA expression of fibrogenic genes (a-SMA, Col-a1(l), MMP3, TIMP1,
TGF-B1 and TNF-a, Figure 1C) in livers of BDL-operated IL-17RA™/~ mice correlated with
low levels of a-SMA protein (vs wild type mice; Figure 1D). Similar results were obtained
in CCly-injured IL-17RA™~ mice (Figure 1B-D), suggesting that ablation of IL-17 signaling
significantly attenuates development of liver fibrosis of different etiologies in mice.

CD45*TCRpB™ cells are the major source of IL-17A in fibrotic liver in mice

To identify the source of IL-17 in fibrotic livers, the lymphoid fraction? was isolated from
livers of sham- or BDL-operated wild type mice, /n vitro stimulated with known activators
of IL-17, phorbol-miristate acetate (PMA) plus lonomycin or 1L-235, and analyzed by flow
cytometry for intracellular IL-17A and IL-17F expression. Following PMA/lonomycin
stimulation, the number of IL-17A-expressing cells was 12 fold increased in livers of BDL
wild type mice versus sham controls (Figure 2A, Suppl. Figure 2). In comparison, the
number of IL-17F* cells was 2.3 fold increased under similar conditions. Both, PMA/
lonomycin and IL-23 induced mostly production of IL-17A homodimers (over IL-17F
homodimers, in ratio 6:1 and 3:1 respectively), suggesting that IL-17A plays a more
significant role in liver fibrosis than IL-17F. PMA/lonomycin-induced IL-17A" cells
expressed predominantly T cell markers CD3 (83 £ 4%), TCRp (74 £ 2%) and TCRy6 (21
+ 5%). Similar results were obtained in 1L-23-stimulated IL-17A™ cells, demonstrating that
T cells are the major source of IL-17A in fibrotic livers.

Expression of IL-17 cytokines/receptors by liver resident cells

Hematopoietic cells respond to IL-17A stimulation by upregulation 1L-17 production®. We
next examined the ability of liver resident cells to produce 1L-17 and transmit IL-17 signals.
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Primary mouse KC, hepatocytes, quiescent and activated HSCs, and endothelial cells (EC)
were isolated from wild type mice, and their responses to IL-17 were evaluated in culture
(Figure 2B). Only KC express and further upregulate IL-17A, IL-17F and IL-1 in response
to stimulation with 1L-17 (IL-17A, IL-17F or a combination of both cytokines) as
demonstrated by RT-PCR (Figure 2B) and ELISA (Suppl. Figure 3). Although the mRNAs
for IL-17RA and IL-17RC were expressed by hepatocytes, KC, HSCs (Figure 2B), and EC
(Suppl. Figure 4), only KC and HSCs responded to IL-17 by increasing the mRNAs of
IL-17RA and IL-17RC, and expression of fibrogenic cytokines TGF-p1, IL-6, and TNF-a
(Figure 2B and Suppl. Figure 5). Thus, in addition to BM-derived T cells, KC may also
contribute to local IL-17A production and IL-17-induced secretion of pro-fibrogenic
cytokines. Consistent with previous findings, hepatocytes?? and EC2! do not transmit IL-17
signals despite IL-17RA expression.

Deletion of IL-17 signaling in inflammatory and KC results in inhibition of liver fibrosis

To assess IL-17 signaling in inflammatory + KC, wild type mice were pre-treated with
clodronate (to deplete KC)?, lethally irradiated, and reconstituted with IL-17A~/~ or
IL-17RA~~ BM to generate IL-17A~/~ —wt or IL-17RA~/~ —wt mice, respectively (Suppl.
Figure 6). After a two month recovery, liver fibrosis was induced in these mice by BDL. In
comparison with wild type (Wt—wt mice, 100%), deficiency of either IL-17A or IL-17RA
in BM cells decreased liver fibrosis by 50 + 4% or 55 + 6% (versus 75 + 5% in IL-17RA™/~
—|L-17RA~'~ mice) (Figure 3A-B). Inhibition of fibrosis correlated with lower mRNA
levels of fibrogenic genes (a-SMA, Col-a1(l), MMP3, TIMP1, TGF-B1 and TNF-a, Figure
3C), and lower a-SMA (Figure 3D), demonstrating that IL-17 signaling in inflammatory
cells + KC contribute to the pathogenesis of liver fibrosis. TGF-B1 plays a critical role in
development of liver fibrosis, and our data suggest that IL-17 signaling induces ~#30% of
TGF-B1 production by BM-derived inflammatory cells + KC in fibrotic livers (Figure 3C).

Deletion of IL-17 signaling in non-hematopoietic endogenous liver cells attenuates hepatic

fibrosis

The importance of 1L-17 signaling in HSCs (and other non-inflammatory liver resident
cells) in liver fibrosis was tested in chimeric Wt—IL-17RA™/~ mice. In comparison with
Wt—wt mice (100%), activation of a-SMA* myofibroblasts and total collagen deposition
was attenuated in Wt—1L-17RA™~ mice (25 + 7% inhibition vs 69 + 5% in IL-17RA™~
—|L-17RA™~ mice), suggesting that IL-17 signaling of liver resident (non-inflammatory)
cells contributes to fibrosis. Since, hepatocytes2? and EC?! did not respond to I1L-17
signaling to facilitate fibrogenesis (Figure 2B, Suppl. Figure 4), we conclude that ablation of
IL-17 signaling in HSCs was critical for inhibition of liver fibrosis in Wt—1L-17RA™~
mice.

IL-17RA-deficient KC and HSCs exhibit impaired activation in vivo in response to liver

injury

We compared purified KC/macrophages from the fibrotic livers of chimeric IL-17RA™~
—wt mice with wt—wt mice. We detected decreased mRNA levels of TGF-B1 (17 fold),
IL-6 ({14 fold), IL-1B (V4 fold), and TNF-a (43 fold) in IL-17RA™~ KC (vs wild type cells,
Suppl. Figure 7A). Furthermore, IL-17A stimulates TGF-B1 production in KC/macrophages
(Suppl. Figure 7B). In co-culture experiments, 1L-17A-stimulated wild type KC activated
wild type and IL-17RA-deficient HSCs more effectively than IL-17RA™~ KC (Suppl.
Figure 7C).

We next compared expression of fibrogenic genes in /77 vivo activated primary IL-17RA-
deficient and wild type HSCs prepared from Wt—IL-17RA™~ and Wt—Wt mice,
respectively (Suppl. Figure 7D). BDL-activated IL-17RA™~ HSCs expressed less a-SMA
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(V3 fold), Col-a1(l) (V5 fold), MMP3 (122 fold), TIMP1 (124 fold), and TGF-B1(43 fold)
MRNA (vs wild type HSCs). Similar results were obtained in CCls-activated HSCs (Suppl.
Figure 7D). Thus, despite an intact IL-17 pathway in BM cells in Wt—1L-17RA™/~ mice,
the /in vivo activation of 1L-17RA-deficient HSCs into myofibroblasts is impaired. Thus, we
hypothesized that IL-17 may directly regulate HSC activation.

Activation of target genes in IL-17A stimulated KC and HSCs

Next, phosphorylation of IL-17 target proteins in KC and HSCs was assessed /n vitro
(Suppl. Figure 7E). Stimulation of primary wild type KC with IL-17A resulted in
phosphorylation (within 30 min) of Stat3, ERK, and JNK. Similarly, phosphorylation of
ERK and AKT but not JNK (not shown) was observed in primary wild type HSCs after
IL-17A treatment (30 min). In particular, strong and rapid phosphorylation of Stat3 in HSCs
was detected 15 min after IL-17A treatment (Suppl. Figure 7E). While the IL-17 signaling
pathway in macrophages is characterized®: 22 (and Suppl. Figure 7F), IL-17 signaling in
HSCs is unknown. Similar to TNF-a, IL-17A induced nuclear translocation of NFxB p65 in
HSCs after 30 min of treatment (Figure 4A). Similar to IL-6, we observed a rapid (within
10-15 min) nuclear translocation of Stat3 in HSCs in response to IL-17A treatment (Figure
4A). Thus, similar to macropahges® 22, NF-xB and Stat3 are downstream targets of IL-17
signaling in HSCs. While NF-xB signaling is required for survival of activated HSC23, Stat3
may mediate HSC activation by stimulating collagen production.

IL-17 stimulates collagen production in HSCs via Stat3 activation

The ability of IL-17A to induce HSC activation into myofibroblasts was assessed /n7 vitro.
For this purpose, primary HSCs were isolated from Col-GFP reporter mice (expressing GFP
under collagen-a1(1) promoter) or Col-GFP'L-17RA~/= mice (generated by crossing
IL-17RA™~ mice with Col-GFP mice, Figure 4B). IL-17A stimulation increased expression
of GFP in wild type HSCs from a baseline of 1 + 0 % to 34 + 7 %, but not in IL-17RA™~
HSCs (5 £ 2 %). As a control, expression of collagen-a1(1)-GFP was strongly induced in
both wild type and IL-17RA™~ HSCs by the fibrogenic cytokine TGF-B1 (Figure 4B).
Interestingly, the pro-fibrogenic activity of IL-17A on HSCs is comparable to IL-6 (but not
leptin), and is only in part depends on autocrine IL-17-induced I1L-6 production (Figure 4C).
Depletion of IL-6 from IL-17A-stimulated HSCs cultures with anti-IL-6 antibody slightly
reduced but did not eliminate HSC activation. Thus, studies in the chimeric mice and in
cultured HSCs suggest a direct effect of IL-17A on activation of HSCs.

HSCs are the only liver cell type that expresses GFAPL. The role of Stat3 in IL-17A-
mediated collagen-a.1(l) expression was tested in primary wild type HSCs and Stat3-
deficient HSCs, isolated from GFAPS@3-/~ mice (GFAPC™ mice x floxed Stat3"f mice,
Figure 4D). As expected, IL-17A triggered nuclear localization of phosphorylated Stat3 in
wild type HSCs, but not in Stat3-deleted HSCs (Figure 4D). IL-17A stimulation of wild type
HSCs induced collagen-a.1(1) expression (Figure 4E). Meanwhile, IL-17A did not induce
nuclear localization of p-Smad2/3 (Figure 4D), suggested that compensatory cross-
activation of the TGFB1-Smad2/3 signaling pathway is not responsible for stimulating
collagen-a1(1) expression in wild type HSCs. In contrast, IL-17A failed to induce collagen-
al(l) expression in Stat3-deficient HSCs (Figure 4E), demonstrating the requirement of
Stat3 in IL-17A-induced fibrogenic activation of HSCs (summarized in Suppl. Figure 8A).
Next, the relevance of 1L-17 signaling was accessed in human HSC cell lines. The LX-212
cell line responded to IL-17A and IL-17F stimulation by strong induction of fibrogenic
genes a-SMA (16 fold), Col-a1(1) (17 fold) and TGF-B1 (13-5 fold) (Suppl. Figure 8B).
Similarly, IL-17A and IL-17F mediated activation of the hTERT cell linel3, and this effect
was associated with nuclear translocation of Stat3 (Suppl. Figure 8C).
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Stat3 signaling facilitates fibrogenesis in HSCs

Stat3-signaling cytokines, such as leptin, IL-6, EGF, HGF and PDGF, may have a direct
effect on HSC activation, including by increasing collagen production24. Moreover, analysis
of the gene expression profile of aHSCs revealed upregulation of Stat3 and Stat3-signaling
cytokine receptors (IL-17RA, IL-6RA, OSM-R, LIF-1-R) in comparison with gHSCs
(Figure 5A), consistent with a role for Stat3 in HSC activation. In concordance,
GFAPS®B-/= mice, that are selectively Stat3 deficient in HSCs, had less BDL- or CCL-
induced liver fibrosis than the wild type Stat3f littermates (Figure 5B). Thus, our data
demonstrate that activation of the Stat3 signaling pathway in HSCs has a pro-fibrogenic
effect. In concordance, not only Stat3—/— HSCs abrogated collagen and aSMA expression in
response to IL-17A, but also downregulated expression of pro-fibrogenic cytokines in
primary HSCs (Figure 5C).

IL-23 and IL-22 play opposing roles in liver fibrosis

Deletion of IL-17RA in mice results in dysregulation of the IL-17 signaling pathway?°. We
further evaluated the mechanism of I1L-17 signaling in liver fibrosis and compared
production of of IL-17A, IL-17F, IL-17E, IL-22 and IL-6 in wild type and IL-17RA™/~ mice.
Despite elevated levels of circulating IL-17A, IL-17F, IL-6, and IL-17E in the serum of
IL-17RA™~ mice (Figure 6A), deletion of IL-17RA resulted in attenuated liver fibrosis
(Figure 1B), and was associated with a reduction of the pro-fibrogenic cytokine IL-6 mRNA
expression in the liver, and the simultaneous upregulation of hepatoprotective cytokine
IL-22 mRNA, and IL-17E mRNA (Figure 6B). In concordance, deletion of IL-23 in the BM
of 1L-237~ —wt mice attenuated liver fibrosis to a level similar in IL-17A™~ —wt mice,
while deletion of IL-22 significantly exacerbated CCls-induced liver fibrosis in chimeric
BMT IL-227/~ —wt mice, suggesting that IL-23 and IL-22 produce opposing effects on
liver fibrosis (Figure 6C). The effect of blocking IL-17 signaling in different chimeric mice
on liver fibrosis is summarized in Figure 6D, demonstrating the role of pro-fibrogenic
IL-17A and IL-23 cytokines and anti-fibrogenic IL-22 cytokines in liver fibrosis.

Administration of IL-22 and IL-17E decreases hepatic fibrosis in mice

The role of IL-22 and IL-17E in liver fibrosis was examined in BDL-operated mice, injected
with 1L-22 (0.5 pg/mouse) or IL-17E (0.5 pg/mouse, Figure 6E). Daily administration of
IL-22 and IL-17E significantly attenuated development of liver fibrosis, as demonstrated by
reduction of Sirius Red staining ({ 3 fold), mRNA for Col-a1(1) (+3 fold) and a-SMA (2.5
fold). Our data suggest that IL-22 and IL-17E produce anti-fibrogenic effect in mice.

DISCUSSION

Our study demonstrates that IL-17 plays a critical role in the pathogenesis of cholestatic and
hepatotoxic liver fibrosis in mice. IL-17 has a strong pro-fibrogenic effect through two
independent mechanisms: First, IL-17 stimulates KC to express inflammatory cytokines
IL-6, IL-1pB, and TNF-a, as well as the major fibrogenic cytokine TGF-B1. Second, IL-17
directly stimulates HSCs to express collagen Type | and promotes their activation into
fibrogenic myofibroblasts via Stat3. IL-17 may serve as an attractive target for anti-fibrotic
therapy.

Elevated levels of IL-17A were detected in serum of patients with chronic hepatitis B
(CHB), and correlated with increased numbers of circulating Th17 cells and histological
manifestations of liver fibrosis1® 11, Similar results were obtained in patients with chronic
hepatitis C (CHC) in which the development of hepatic fibrosis is accompanied by
infiltration of IL-17A™ positive cells in the liver.
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We studied role of IL-17 in murine models of liver fibrosis using deletions of different
components of the 1L-17 signaling pathway (Figure 6D). Complete deletion of IL-17
(IL-17A and F) signaling was achieved in IL-17RA™~ mice, that resulted in ~75%
inhibition of BDL- and CCly-induced liver fibrosis (vs wild type mice). In turn, deletion of
IL-17RA, or IL-17A in BM and KC caused similar inhibition (*50-55%) of liver fibrosis,
indicating that IL-17A (but not other members of IL-17 family of cytokines?%) significantly
contribute to the pathogenesis of hepatic fibrosis. Our data are in concordance with previous
observations suggesting that 1) IL-17A is required for bleomycin-induced pulmonary
fibrosis?” and 2) IL-17A and TGF-B play a cooperative roles in the development of fibrosis.

The critical question is how IL-17A signaling stimulates liver fibrosis. We observed
suppression of MRNA levels of cytokines (TGF-B1, IL-6, IL-1B, TNF-a) in livers of
IL-17RA~~ —wt mice, indicating that IL-17 signaling in BM and KC is required for
inflammatory responses in fibrotic liver. Furthermore, TGF-B1 plays a critical role in
pathogenesis of liver fibrosisl, and is mainly produced by activated KC/macrophages2. Here
we demonstrate that /n7 vivo activated IL-17RA-deficient KC express ~#30% less TGF-p1
than wild type KC. We speculate that TGF-B1 production may be in part regulated by
IL-17A. In agreement, I1L-17 was recently identified as a regulator of TGF-p1 and IL-22 in
allograft fibrosis28.

The contribution of 1L-17 signaling to liver fibrosis by endogenous liver cells was examined
in Wt—IL-17RA™~ BM chimeric mice. Our data revealed that IL-17 signaling in non-
inflammatory liver resident cells contributed ~25% of the liver fibrosis (Table 1). We
determined that IL-17A stimulates multiple changes in HSCs, suggesting that HSCs are the
critical hepatic cells that transmit IL-17 signals to become myofibroblasts. Although
hepatocytes29 and EC2! did not to respond to IL-17 signaling, their contribution to local
cytokine secretion could not be excluded.

How does IL-17 signaling facilitate HSCs activation into myofibroblasts? Our data
demonstrate that stimulation of HSCs with IL-17 results in collagen-a 1(1) upregulation via
IL-17RA. Moreover, Stat3-deficient HSCs do not upregulate collagen-a1(1I) in response to
IL-17A, indicating that Stat3 is a required target of IL-17 signaling. In support of this
notion, mice deficient of Stat3 in HSCs (GFAPS®3~/~ mice) are less susceptible to liver
fibrosis. For the past decade, it was believed that the role of Stat3 in the pathogenesis of
liver fibrosis is confined to inflammatory cells and hepatocytes?4 29, For example,
hepatocyte-specific Stat3 knockout mice demonstrate that I1L-6, 1L-10, and IL-22 produce
hepatoprotective and anti-fibrogenic effects2: 24, More recently, Stat3 signaling was linked
to activation of HSC/myofibroblasts in response to liver injury30. Thus, leptin promotes the
development of liver fibrosis and directly stimulates production of collagen Type |
production in HSCs in a Stat3-dependent manner24. Here we demonstrate that IL-17A is
another Stat3-signaling cytokine with potent pro-fibrogenic properties, inducing activation
of hepatic myofibroblasts directly and via IL-6 secretion.

Deletion of IL-17RA results in dysregulation of a cytokine production in mice, including the
upregulatioin of 1L-17A25. In concordance, increased levels of circulating IL-17A, IL-17F,
and IL-6, and decreased levels of IL-22 were detected in serum of CCly-injured IL-17RA™/~
mice (compared to the wild type controls). Meanwhile, increased IL-22 and IL-17E levels
were detected in CCly-injured livers, suggesting that the local levels of hepatic cytokines
(versus serum) are critical for pathogenesis of liver fibrosis. While IL-23 regulates
expansion of IL-17A-producing T cells10 11 11.-22 was implicated in hepatoprotection®. We
propose that inhibition of liver fibrosis in IL-17RA™~ mice results from an additive effect of
abrogation of IL-17 signals and overproduction of IL-22 (and IL-17E) in the injured liver. In
support of this notion, similar to IL-17A—wt mice, deletion of IL-23 in inflammatory cells
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and KC caused attenuation of liver fibrosis in IL-23—wt mice. In contrast to IL-17A—wt
mice, deletion of IL-22 in IL-22—wt mice exacerbated liver fibrosis. Furthermore,
administration of IL-22 and IL-17E significantly attenuated development of BDL mice,
demonstrating that these cytokines may decrease liver fibrosis.

Here we demonstrate that IL-17 regulates production of TGF-B1 by KC, which in turn,
induce activation of HSC into myofibroblasts, and further facilitate differentiation of IL-17
expressing cells. IL-17 directly stimulates collagen expression in HSCs via the Stat3
signaling pathway. In addition, our data suggests that IL-23 and IL-22 have an opposite
effect and decrease liver fibrosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

HSCs hepatic stellate cells

gHSCs quiescent HSCs

aHSCs activated HSCs

CCly carbon tetrachloride

BDL bile duct ligation

a-SMA a-smooth muscle actin

Col-GFP mice Collagen-a 1(1)-GFP mice
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Figure 1. Development of liver fibrosis is strongly inhibited in IL-17RA™" mice

(A)Expression of IL-17A and IL-17F, IL-17RA and IL-17C genes is upregulated during
liver fibrosis. The data is fold induction of mMRNA expression from whole liver of BDL
(n=10) and CCl,-treated (n=10) mice compared to control mice, *p<0.01. Fibrogenic liver
injury is associated with increased serum IL-17A detected in BDL (5 days, n=6; 10 days
n=5) and CCly-treated (8 weeks, n=5) mice by ELISA, **p<0.05.

(B) Development of BDL- and CCly-induced liver fibrosis is inhibited in IL-17RA™~ mice.
Livers from wild type mice (untreated n=3), BDL (n=10) and CCl,-treated (n=10), and
IL-17RA™~ mice (untreated n=3), BDL (n=9) and CCl-treated (n=10), were analyzed by
H&E, Sirius Red and a-SMA staining and quantified (*p<0.01). Bright field micrographs
are shown using x 10 objectives. Liver function was assessed by ALT, *p<0.01.

(C) Expression of ibrogenic genes is downregulated in whole livers from BDL and CCly-
treated IL-17RA™~ mice compared to wild type mice. The data are shown as fold mMRNA
induction compared with untreated mice, *p<0.02.

(D)Reduced expression of a-SMA protein was detected in livers of BDL- and CCly-treated
IL-17RA™~ mice compared to the wild type mice.
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Figure 2. IL-17A/IL-17RA signaling in fibrotic liver is mediated by immune cells, KC and HSCs
(A)Hepatic T cells are the major source of IL-17A in fibrotic livers. Lymphoid fraction from
sham (n=3) and BDL (n=3) wild type mice were /n vitro stimulated with PMA (100ng/ml)
+lonomycin (500ng/ml) or IL-23 (20 ng/ml) for 5 hours, and analyzed by flow cytometry for
intracellular IL-17A and IL-17F expression. Expression of IL-17A was further analyzed in
CD45*, CD3*, CD4*, CD8a*, TCRy&*, TCRB™, NK1.1*, CD11b* cells. Representative dot
plots are shown.

(B) Primary wild type hepatocytes, quiescent and /n vitro activated HSCs, and KC were
stimulated with IL-17A (10ng/ml), IL-17F (10 ng/ml), or a combination of both. MRNA
levels of IL-17 cytokine/receptors and inflammatory gene expression are shown as fold
induction compared with untreated cells, *p<0.01, ** non significant.
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Figure 3. Selective ablation of I1L-17 signaling in inflammatory cells + KC and liver resident cells
results in inhibition of BDL-induced liver fibrosis

(A) Development of liver fibrosis in BM chimeric mice was compared. Livers from BDL-
injured Wt—wt (n=7), IL-17A~"~ —wt (n=10), Wt—IL-17RA™~ (n=10), IL-17RA™~ —>wt
(n=10), and IL-17RA™~ — IL-17RA~~ (n=8) mice were analyzed by H&E, Sirius Red
staining, and a-SMA immunohistochemistry. Representative bright field micrographs are
shown using x 10 objectives.

(B) Quantification of Sirius Red staining and a-SMA immunohistochemistry in BM
chimeric mice. Results are shown as fold induction compared with the sham-control
Wt—wt mice. (Each group of BMT mice is compared to the BDL-injured wt mice, p<0.01.
For Wt—IL-17RA mice, p<0.05).

(C) Fibrogenic mRNAs are downregulated in whole liver from BDL-operated IL-17A~/~
—wt, Wt—IL-17RA™~, or IL-17RA™/~ —wt mice, compared to BDL-operated Wt—wt
mice (p<0.01). The data are shown as fold induction compared with sham Wt—wt mice.
(D) Expression of a-SMA protein, evaluated by Western blot, was progressively
downregulated in Wt—IL-17RA™~ > IL-17A~~ —wt > IL-17RA™~ —>wt > IL-17RA™~
—|L-17RA~"~ mice. Representative images are shown.
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Figure 4. IL-17A facilitates HSC activation into myofibroblasts via Stat3

(A)IL-17A induced nuclear translocation of p65 and Stat3 in primary murine HSCs. HSCs
(5 x 10° cells) were stimulated with 1L-17A (10 ng/ml), TNF-a. (20 ng/ml) or 1L-6 (30 ng/
ml) for 0-30 min, translocation of p65 (NF-xB) or Stat3 was analyzed by fluorescent
microscopy using x 40 objective.

(B) IL-17A stimulates collagen-a.1(I) expression by HSCs. Primary murine gHSCs were
isolated from Col-GFP or Col-GFP!L-17TRA~I= mice, and stimulated with IL-17A (10 ng/ml)
or TGF-pB1 (3 ng/ml ) in 1% FSCs for 48 hours. The percent of cells upregulated collagen-
a1(l)-GFP was calculated, p<0.05. Representative images are shown using x 20 objective.
(C) Fibrogenic properties of IL-17A, IL-6 and leptin. Fibrogenic mRNA expression was
tested in HSCs treated with IL-17A (10 ng/ml), IL-6 (30 ng/ml), or leptin (100 ng/ml) for 4
h. IL-17A induced production of IL-6 in HSCs. The direct effect of IL-17A on collagen-
al(l) mRNA expression was assessed in IL-17A-stimulated HSC cultures depleted for IL-6
(using anti-1L-6 antibody; 0.5 pg/ml). *p<0.01, **p<0.05, ns — non significant.

(D) IL-17A activates Stat3 in HSCs. Deletion of Stat3 in HSCs was achieved by crossing
GFAP-Cre mice x floxed Stat37f mice = GFAPS®3~/~ mice. qHSCs were isolated from
GFAPSt@t3-/~ or Stat3f wt mice, and stimulated with IL-17A (10 ng/ml) or TGF-B1 (3 ng/
ml) for 15 min. Nuclear translocation of Stat3 (but not phosphor-Smad2/3) was detected in
wild type HSCs but not in Stat3-deficient HSCs. Representative images are shown using x
20 objective.
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(E) I1L-17-dependent collagen-a 1(1) expression is impaired in Stat3-deficient HSCs. Primary
wild type (Stat3"f) and Stat3-deficient HSCs from GFAPSt@3~/~ mice were cultured in
DMEM + 10% FCS for 18h and stimulated with IL-17A (10 ng/ml in 1% FSCs) for 8h, and
mRNA levels of collagen-a1(l) expression were measured, *p<0.01.
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Figure 5. Stat3-deficient HSCs have decreased activation

(A)Upregulation of Stat3, IL-17RA, IL-6RA, OSM-R, and LIF-1-R, but not Stat1 or
IL-10Ra/b, was detected in aHSCs in comparison with gHSCs using the whole mouse
genome microarray (Suppl. Methods). The mMRNA level is the average of the multiple
probes (p<0.01).

(B) Development of liver fibrosis is attenuated in GFAPS@3~/~ mice compared to wild type
stat37f mice. Livers from wild type mice (untreated (n=2), BDL (n=4) and CCl,-treated
(n=4)), and GFAPS®3-/~ mice (untreated (n=2), BDL (n=5) and CCl,-injured (n=6)), were
analyzed by Sirius Red staining, and immunostaining for a-SMA and Desmin, and
quantified (as percent of positive area, *p<0.01, **p<0.05). Representative bright field
micrographs are shown using x 10 objectives.

(C) Stat3-deficient and wild type primary HSCs were /n vitro stimulated with IL-17A (10
ng/ml, 4 h). The ability to activate a-SMA and Collal mRNA, and produce cytokines HGF,
TGF-B1, PDGF, IL-6 mRNA was impaired in Stat3~/~ HSCs compared to wt HSCs.
*p<0.001, **p<0.005, ns - non significant.
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IL-17RA*>IL-17RA™ No IL-17RA No IL-17RA 1 75+5
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Figure 6. IL-23 and IL-22 kave opposing roles in liver fibrosis

(A) Serum IL-17A, IL-17E (IL-25), IL-17F, IL-6 and IL-22 were measured by ELISA in
BDL (10 days) IL-17RA™~ mice versus wild type mice (*p<0.01, **p<0.05).

(B) Hepatic levels of IL-17A, IL-17F, 1L-23 and 1L-22 mRNA were detected in BDL (10
days) IL-17RA~/~ mice versus wild type mice (p<0.05)

(C) Livers from BM chimeric CCly-treated Wt—wt (n=5), IL-17A~/~ —wt (n=6), IL-227/~
—wt (n=6), and IL-237~ —wt (n=6) mice were analyzed by Sirius Red, a.-SMA staining.
Bright field micrographs are shown using x 10 objectives. Quantification of Sirius Red and
a-SMA staining, mRNA expression is shown (p<0.05, compared to BDL wt mice). mRNA
expression is fold induction compared to oil-control Wt—wt mice.

(D) The percent of inhibition of liver fibrosis was calculated for BM chimeric mice in
response to liver injury (in comparison Wt—wt mice, 100%, p<0.01) based on Sirius Red
and a-SMA expression. The strongest inhibition of liver fibrosis was observed in
IL-17RA™~ —IL-17RA™" mice, the least inhibition of liver fibrosis was observed in
Wt—IL-17RA™~ mice. Increased fibrosis was detected in IL-227/~ —wt mice.

(E) Administration of IL-22 and IL-17E attenuates liver fibrosis. BDL-operated mice were
daily treated with 1L-22 (0.5 pg/mouse, n=4), IL-17E (0.5 tg/mouse n=5), or vehicle (PBS)
for 7 days, tissues were analyzed by Sirius Red, and a-SMA staining; mRNA expression is
shown (p<0.05, compared to BDL wt mice + PBS).
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