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Abstract

Concanavalin-A (Con-A) hepatitis is regarded as a T cell-mediated model of acute liver injury.
Mincle is a C-type lectin receptor (CLR) that is critical in the immune response to mycobacteria
and fungi, but does not have a well-defined role in pre-clinical models of non-pathogen mediated
inflammation. Since Mincle can ligate the cell death ligand SAP130, we postulated that Mincle
signaling drives intrahepatic inflammation and liver injury in Con-A hepatitis. Acute liver injury
was assessed in the murine Con-A hepatitis model using C57BL/6, Mincle™~, and Dectin-17/~
mice. The role of C/EBPB and HIF-1a signaling was assessed using selective inhibitors. We found
that Mincle was highly expressed in hepatic innate inflammatory cells and endothelial cells in both
mice and humans. Furthermore, sterile Mincle ligands and Mincle signaling intermediates were
increased in the murine liver in Con-A hepatitis. Most significantly, Mincle deletion or blockade
protected against Con-A hepatitis whereas Mincle ligation exacerbated disease. Bone marrow
chimeric and adoptive transfer experiments suggested that Mincle signaling in infiltrating myeloid
cells dictates disease phenotype. Conversely, signaling via other CLRs did not alter disease course.
Mechanistically, we found that Mincle blockade decreased the NF-xp related signaling
intermediates, C/EBPB and HIF-1a, both of which are necessary in macrophage-mediated
inflammatory responses. Accordingly, Mincle deletion lowered production of nitrites in Con-A
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hepatitis and inhibition of both C/EBP and HIF1-a reduced the severity of liver disease. Our
work implicates a novel innate immune driver of Con-A hepatitis and, more broadly, suggests a
potential role for Mincle in diseases governed by sterile inflammation.
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pattern recognition receptor; inflammation; liver

Introduction

Acute liver injury (ALI) is a significant public health problem which can result in jaundice,
coagulopathy, hepatic encephalopathy, and multisystem organ failurel=3, There are many
etiologies of acute liver injury including acetaminophen (APAP) overdose, viral or alcoholic
hepatitis, acute fatty liver of pregnancy, and various other drug-induced and idiopathic
causes. ALI accounts for approximately 6% of liver-related deaths in the United States, and
approximately 7% of orthotopic liver transplants®. Murine modeling has helped elucidate a
number of diverse pathogeneses of ALI. Concanavalin-A (Con-A) is a plant-derived lectin
which induces liver inflammation in mice upon systemic administration, and is a well-
studied and validated animal model of acute liver injury®. Con-A is thought to bind and
distort MHC Il moieties on resident liver APCs, which in-turn stimulate CD4* T cells to
proliferate, leading to cytokine secretion and an insidious cycle of inflammation and
hepatocellular injury®.

Mincle is a C-type lectin trans-membrane pattern recognition receptor, which is required for
the innate immune response to mycobacterial and fungal pathogens’. Mincle is expressed on
innate immune cells including macrophages, dendritic cells, and neutrophils. Mincle
signaling occurs through its association with ITAM-containing FC receptor y (FCR-y)
leading to recruitment of the CARD9 adaptor protein and phosphorylation of Syk, resulting
in potent inflammatory responses, including the secretion of TNFa and 1L-67. Importantly,
besides binding fungal- or mycobacterial-derived PAMPSs, Mincle has recently been shown
to be capable of /n vitroligation of spliceosome-associated protein 130 (SAP130), a nuclear
protein which is released as an endogenous product of non-apoptotic cell death8. Further, we
reported that Mincle ligation by SAP130 can modulate inflammation /7 vivoin the
pancreatic tumor microenvironment °.

We have recently reported that necroptosis, an organized form of cellular necrosis, is a
primary mode of cell death in acute liver injury, and specifically in the murine Con-A
modell0. Therefore, we postulated that Mincle may play an important role in the
pathogenesis of this disease by ligating products of hepatocyte cell death, thereby
augmenting inflammation. In this study we show that Mincle, its ligand SAP130, and
associated downstream signaling intermediates are upregulated in Con-A hepatitis in mice,
and that Mincle deletion or blockade is protective against disease progression. Further, we
found that Mincle signaling governs inflammation in Con-A hepatitis by modulating
expression of critical pro-inflammatory and regulatory chemokines via the transcription
factors C/EBPB and HIF-1a.. Our work thus implicates a novel innate immune mediator of
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Con-A hepatitis which has important ramifications to the interpretation of studies using this
model, and may have implications for experimental therapeutics in ALI.

Materials & Methods

Animals and in vivo models

Male C57BL/6 and BALB/c mice were purchased from Jackson (Bar Harbor, ME).
Mincle™~ mice were obtained from the MMRRC (San Diego, CA). Dectin-1~/~ mice were a
gift of Gordon Brown (University of Aberdeen, UK). Animals were bred in-house. Age-
matched 8-10 week old male mice were used in all experiments. To induce Con-A hepatitis,
mice were treated with Con-A (20ug/g, IV Sigma-Aldrich, St. Louis, MO) and sacrificed at
various time intervals. For survival experiments, higher doses of Con-A (40ug/g) were used
as previously reported!?. Serum liver enzymes including alanine transaminase (ALT) and
aspartate aminotransferase (AST) were measured using a commercial kit (Sigma-Aldrich).
Core temperature was measured at various time-points using a rectal thermometer for
rodents (Braintree Scientific, Braintree, MA). In select experiments, mice were pretreated 1
hour prior to Con-A injection with an i.p injection of either a a-Mincle mAb (6G5, 3.5
mg/kg, Invivogen, San Diego, CA), a Syk inhibitor (Piceatannol, 25 mg/kg, Sigma-Aldrich),
Mincle ligand (TDB, 10 mg/kg, Invivogen), a HIF-1a inhibitor (LW6, 60 mg/kg, EMD
Millipore, Billerica, MA), or a C/EBP inhibitor (Genistein, 6.5 mg/mouse, Sigma-
Aldrich)8 11-15 Bone marrow chimeric mice were generated as previously described?®.
Briefly, mice were anesthetized and irradiated (950 Rads), followed by i.v. transfer with
1x107 bone marrow cells from donor mice. Chimeric mice were used in experiments seven
weeks later. To induce hepatic fibrosis, female mice were treated with thrice weekly
injections of thioacetamide (TAA; 250 mg/kg; Sigma) for 12 weeks as described 17. Animal
procedures were approved by the New York University School of Medicine IACUC.

Human and murine cellular isolation

Murine hepatic non-parenchymal cells (NPC) were collected as previously described!’.
Briefly, the portal vein was cannulated and infused with 1% Collagenase 1V (Sigma-
Aldrich). The liver was then removed, minced, and filtered to obtain single cell suspensions.
Hepatocytes were excluded with serial low speed (400 RPM) centrifugation followed by
high speed (2000 RPM) centrifugation to isolate the NPC, which were then further enriched
over a 40% Optiprep (Sigma) gradient. Human liver NPCs were isolated using the same
protocol as we have described!8. Human peripheral blood mononuclear cells (PBMC) were
isolated by overlaying whole blood diluted 1:1 in PBS over an equal amount of Ficoll. The
cells were then spun at 2100 RPM for 21 min at 20°C and the buffy coat was harvested to
obtain the PBMC as we described®.

Flow cytometry, cytokine, SAP130, and nitrite analysis

For flow cytometry, single-cell suspensions of NPC and PBMC were incubated with Fc
blocking reagent (Biolegend, San Diego, CA) for 10 min followed by a 30 min incubation
with fluorescently-conjugated mAbs directed against mouse Mincle (4A9; MBL
International, Woburn, MA), CD45 (30-F11), Grl (RB6-8C5), CD11b (M1/70), CD11c
(N418), MHC Il (M5/114.15.2), CD146 (ME-9F1), CD45.2 (30-F11), CD45.1 (A20), CD3
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(17A2), CD4 (GK1.5), or F4/80 (BMS8) (all Biolegend, San Diego, CA). For intracellular
staining, cells were incubated for 4-6 hours with Brefeldin A (1:1000) before
permeabilization of cells, and staining with fluorescently conjugated p-Syk (mochlct) and
iNOS (CXFNT) (all eBioscience, San Diego, CA). Human liver NPC and PBMC were
stained with mAbs directed against CD45 (H130), CD15 (W6D3), Lin (CD3/14/19/20/56),
HLA-DR (L243; all Biolegend), or Mincle (polyclonal; Abcam, Cambridge, MA).
Experiments were performed using the LSRII (BD Biosciences, Franklin Lakes, NJ) and
analyzed using FlowJo software (Tree Star, Ashland, OR). Serum cytokine levels were
determined using a cytometric bead array according to the manufacturer’s protocol (BD
Biosciences). Hepatic levels of SAP130 were determined by ELISA (MyBioSource, San
Diego, CA). Hepatic and serum nitrite levels were determined using the Griess assay (Life
Technologies, Carlsbad, CA).

Histopathology and immunohistochemistry

For histological analysis, liver specimens were fixed with 10% buffered formalin,
dehydrated in ethanol, and then embedded with paraffin and stained with hematoxylin-eosin
(H&E) or Masson trichrome. Percent cell death was determined on a computerized grid as
we have described!®. For immunohistochemical analysis, slides were stained for anti-mouse
CD45 (30-F11; BD Biosciences), MPO (polyclonal, Abcam), CD3 (17A2; Biolegend),
CD68 (pAB; Abcam), p-Syk (polyclonal, Abcam), as well as anti-human Mincle (AT16E3,
Abcam), SAP-130 (polyclonal, Abcam), and p-Syk (polyclonal, Abam). TUNEL staining
was performed using a kit (EMD Millipore, Billerica, MA). For immunofluorescent
imaging, murine CD45* NPCs were isolated using CD45 MicroBeads (Miltenyi, Bergisch
Gladbach, Germany) stained for Mincle (CLEC-4E polyclonal, Santa Cruz Biotechnology,
Dallas, TX) or p-Syk (polyclonal, Abcam), and then detected with donkey anti-goat 19G-PE,
goat anti-rabbit 1gG-Fitc (both Santa Cruz Biotechnology), and DAPI counterstain (Vector
Laboratories, Burlingame, CA). Light microscopic images were captured with a Zeiss
Axioscope 40 microscope/camera system (Zeiss, Thornwood, NY). Immunofluorescent
imaging was performed using a LSM 700 confocal microscope and an Axiovert camera
(Zeiss). Data was quantified by examining 10 high powered fields (HPFs) per slide.

Western Blotting and Immunoprecipitation

For Western blotting, total protein was isolated from 10mg liver tissue by homogenization in
RIPA buffer (50 mM pH 7.4 Tris-Hcl, 150 mM NaCl, 0.5% Na-deoxycolate, 0.5% NP-40,
0.25% SDS, 5 mM EDTA) with Complete Protease Inhibitor cocktail (Roche, Pleasanton,
CA). Proteins were separated from larger fragments by centrifugation at 14000 x g. After
determining total protein by Bradford protein assay, 10% polyacrylamide gels (NuPage,
Invitrogen, Grand Island, NY) were equiloaded, electrophoresed at 200V, electrotransferred
to PVDF membranes, and probed with mAbs to p-Syk (C87C1), Syk (D321E), SAP-130
(H-300, Santa Cruz), Mincle (H-46, Santa-Cruz), and B-actin (13E5) (all Abcam). Blots
were developed by ECL (Thermo Scientific, Ashville, NC). For immunoprecipitation
experiments, SAP130 was precipitated with protein G-agarose from cells.
Immunoprecipitates were re-suspended and heated in loading buffer under reduced
conditions, and resolved by 10% SDS-PAGE before transfer to PVDF membranes. The
presence of the co-immunoprecipitated Mincle was determined by Western blotting.
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RNA Analysis

RNA extraction from whole liver tissues was performed using the RNeasy Mini kit (Qiagen,
Germantown, MD) as per manufacturer’s instructions. The RNA was converted to cDNA
using the RT2 First Strand Kit (Qiagen). gPCR was performed using the RT2 SYBR Green
gPCR mastermix (Qiagen) on the Stratagene MX3005P (Stratagene, La Jolla, CA). The
mouse fgf-g primer was obtained from Qiagen (Cat # PPM02991B). Expression levels were
normalized to B-actin. In selected experiments, the “Mouse Cytokine and Chemokine” pre-
configured gPCR array was used (Qiagen). For Nanostring analysis, the nCounter mouse
inflammation panel was employed using the nCounter Analysis System (both Nanostring,
Seattle, Washington).

Statistical Analysis

Results

Data is presented as mean +/- standard error of mean. Survival was measured according to
the Kaplan-Meier method. Statistical significance was determined by the Student’s #test and
the log-rank test using GraphPad Prism 6 (GraphPad Software, La Jolla, CA). P-values of <
0.05 were considered significant.

Mincle is highly expressed on hepatic inflammatory cells

Before investigating the role of Mincle signaling in Con-A hepatitis, we tested baseline
Mincle expression in the liver. Murine liver non-parenchymal cells (NPC) expressed Mincle
on immune fluorescence microscopy (Figure 1a). Flow cytometry revealed higher Mincle
expression in liver CD45" pan-leukocytes, Gr1~"CD11b*F480* macrophages, and
F480~CD11c*MHCII* dendritic cells compared with their cellular counterparts in mouse
spleen (Figure 1a). Liver sinusoidal endothelial cells (LSEC) also expressed high Mincle,
whereas hepatocytes exhibited minimal expression (Figure 1b). Leukocytes and LSEC from
Mincle™~ liver were used as controls (Figure S1a). Consistent with our mouse data,
leukocytes in the human liver expressed Mincle on immune fluorescence microscopy
(Figure 1c). Flow cytometry analysis in the human liver showed that hepatic CD15*
monocytes and Lin"HLADR™* dendritic cells expressed substantially higher Mincle
compared with their cellular counterparts in PBMC (Figure 1c, Figure S1b).

Con-A hepatitis is marked by SAP130 expression and Mincle signaling

To determine the relevance of Mincle signaling in murine Con-A hepatitis, we investigated
Mincle expression, the presence of Mincle ligands, and associated downstream signaling
intermediates in Con-A-treated mice. The rate of Mincle expression in hepatic leukocyte
subsets was not significantly changed in Con-A hepatitis compared with control liver
(Figure S1c). SAP130, the only well-characterized non-pathogen-derived Mincle ligand®,
was elevated in the liver of Con-A-treated animals on ELISA analysis (Figure 1d). SAP130
also co-associated with Mincle in Con-A hepatitis based on immunoprecipitation
experiments (Figure 1e). Liver sections from mice with Con-A hepatitis also showed
increased infiltration of cells expressing activated Syk (Figure 1f). Accordingly, Mincle and
p-Syk co-localized in liver leukocytes (Figure S1d). Western blotting confirmed temporal

J Immunol. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Greco et al.

Page 6

activation of Syk in the livers of Con-A-treated mice (Figures 1g). Similarly, analysis by
flow cytometry confirmed elevated expression of p-Syk in liver inflammatory monocytes in
Con-A hepatitis (Figures 1h). Collectively, these data confirm expression of Mincle, the
presence of endogenous Mincle ligands, and activated downstream Mincle signaling
intermediates in Con-A hepatitis.

Human autoimmune hepatitis is characterized by Mincle, SAP130, and p-Syk expression

ConA hepatitis is considered the best animal model of human autoimmune hepatitis®.
Human autoimmune hepatitis was characterized by a marked infiltration of Mincle-
expressing leukocytes (Figure S1e). SAP130 was similarly prevalent in the liver of patients
with autoimmune hepatitis but absent in the uninjured liver (Figure S1f). Liver sections from
patients with autoimmune hepatitis also showed increased infiltration of cells expressing
activated Syk (Figure S1g). Collectively, these data confirm expression of Mincle, the
presence of endogenous Mincle ligands, and activated downstream Mincle signaling
intermediates in human disease and in murine models of autoimmune hepatitis.

Mincle deletion, blockade, or pathway inhibition protects against Con-A hepatitis

To test the significance of Mincle signaling in Con-A hepatitis, we treated WT and
Mincle™~ mice with Con-A and harvested livers at serial intervals. Mincle™~ mice were
protected, exhibiting only minimal hepatic necrosis and diminished numbers of TUNEL*
nuclear bodies (Figure 2a). Accordingly, Con-A-treated Mincle™~ mice exhibited
significantly lower serum transaminase levels in comparison with WT (Figures 2b), lower
serum levels of immune modulatory cytokines including TNF-a, IL-10, IFN-vy, IL-6, and
MCP-1 (Figure 2c), and diminished hepatic expression of the pro-apoptotic genes FasL and
Bcl2 (Figure 2d). Further, Mincle deletion resulted in a diminished reduction of core body
temperature after Con-A challenge, indicative of lower systemic toxicity (Figure 2e). To
determine whether Mincle deletion is protective against mortality from Con-A hepatitis,
mice were administered a potentially lethal dose of Con-A and followed for 6 days after
treatment or until moribund. Only ~40% of Mincle™~ mice succumbed to liver injury
compared with a ~90% mortality rate in WT controls (Figure 2f). Notably, PBS-treated WT
and Mincle™~ mice exhibited similar hepatic histology, serum transaminase levels, serum
cytokine levels, core body temperatures, and hepatic inflammatory cell profiles (Figure S2).

We next tested whether Mincle blockade using a neutralizing mAb would similarly protect
against Con-A hepatitis. Mice treated with a-Mincle were protected against Con-A-induced
hepatic necrosis (Figure 3a) and exhibited a reduced elevation in serum cytokines (Figure
3b). Similarly, blockade of Syk signaling also protected against Con-A-induced hepatic
necrosis (Figure 3c) and systemic toxicity (Figure 3d). Taken together, our data suggests that
the full-extent of liver injury in Con-A hepatitis requires Mincle signaling.

Mincle ligation exacerbates Con-A hepatitis

To further test our hypothesis that Mincle signaling promotes liver injury and systemic
toxicity in Con-A hepatitis, we investigated whether exogenous Mincle ligands would
exacerbate Con-A-mediated liver injury. We treated WT mice with PBS, Mincle ligand TDB
alone, Con-A alone, or TDB + Con-A. Consistent with our hypothesis, Mincle ligation
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increased the extent of hepatic necrosis and the systemic toxicity associated with Con-A
hepatitis (Figure 3e, f). Conversely, Mincle ligation alone, in absence of Con-A
administration, had no effect. TDB administration did not exacerbate Con-A injury in
Mincle™~ animals (not shown). Interestingly, Mincle deletion did not mitigate toxin-induced
chronic liver fibrosis (Figure 4a—c).

Dectin-1 deletion does not protect against Con-A hepatitis

We next tested whether signaling via alternate C-type lectin receptors similarly modulates
Con-A hepatitis. Dectin-1 is C-type lectin receptor which is similar to Mincle in that it also
contains an ITAM-like motif in its intracellular tail and signals via p-Syk. Dectin-1
recognizes B-glucans found in fungal cell walls and is critical in anti-fungal immunity2°.
However, we recently reported that Dectin-1 has a central role in intra-hepatic sterile
inflammation and promotes hepatic regeneration by binding intra-hepatic damage associated
molecular patterns (DAMPs)21, Nevertheless, unlike the marked effects of Mincle blockade
in Con-A hepatitis, deletion of Dectin-1 did not mitigate the hepatotoxic or pro-
inflammatory effects of Con-A administration as measured by liver necrosis, serum
transaminase levels, and serum cytokines (Figure 4d—f).

Mincle signaling in infiltrating myeloid cells governs Con-A hepatitis

Since Mincle is highly expressed in diverse hepatic leukocytes but absent in hepatocytes, we
postulated that signaling via Mincle in liver-infiltrating inflammatory cells drives hepatic
injury. To test this, we generated bone marrow chimeric Mincle™~ and WT animals in which
Mincle is deleted in either bone-marrow derived inflammatory cells or in parenchymal and
resident hepatic cells, respectively. Based on parallel experiments using CD45.1 congenic
mice, our extent of chimerism was >95% (Figure 5a). WT mice made chimeric using
Mincle™~ bone marrow (WT (Mincle™")) were protected from Con-A hepatitis exhibiting
reduced geographic areas of hepatic necrosis and lower TUNEL staining (Figure 5b), lower
serum ALT (Figure 5c¢), reduced serum cytokines (Figure 5d), and a diminished reduction in
core body temperature (Figure 5e). Conversely, Mincle™~ mice made chimeric using WT
bone marrow (Mincle™~ (WT)) were not protected (Figure 5b—e). These data suggest that
Mincle signaling specifically in the liver infiltrating inflammatory cells mediates hepatic
injury in Con-A hepatitis. Further, adoptive transfer of CD11b* myeloid cells from WT
donors to Mincle™~ mice coincident with Con-A administration exacerbated disease
phenotype compared with transfer of Mincle™~ myeloid cells (Figure 5f).

Mincle modulates intra-hepatic inflammation in Con-A hepatitis

To investigate the mechanism underlying Mincle modulation of Con-A hepatitis, we
compared the intra-hepatic immune infiltrate in Con-A-treated WT and Mincle™~ hosts.
Consistent with their exacerbated injury, WT mice exhibited a higher CD45" pan-leukocyte
infiltrate and increased intra-hepatic neutrophilia and CD3* T cell influx (Figure 6a).
Accordingly, levels of numerous bioactive chemokines, chemokine receptors, and
inflammation-promoting transcription factors were reduced in Con-A-treated Mincle™" liver
compared with WT (Figure 6b). Conversely, TGF-B, which has potent anti-inflammatory
properties, along with CCL8 and CXCL12, were elevated in Con-A-treated Mincle™ liver
(Figure 6b). Mincle™ liver also had an increased influx of CD68* macrophages as
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compared to WT liver in Con-A hepatitis (Figure 6a). Flow cytometry analysis showed that
intra-hepatic macrophages and the fraction of Gr1i"CD11b* monocytes were higher in the
Mincle™~ liver, whereas the fraction of CD3* T cells and GriMCD11b* neutrophils was
higher in the WT liver (Figures 6c). Further, WT mice had a higher CD4:CD8 ratio after
Con-A treatment (Figures 6c). The cellular distribution of leukocytic subsets was similar at
baseline in WT and Mincle™~ liver (Figure S2e).

Liver injury and inflammation in Con-A hepatitis is contingent on Mincle-dependent
expression of HIF-1a and C/EBPp

Since Mincle signaling was recently shown to mediate nitric oxide-dependent inflammatory
responses to mycobacterial cord factor via HIF-1a and C/EBPB?2, and expression of both
HIF-1a and C/EBPp was reduced in Con-A-treated Mincle™~ liver (Figure 6b), we
postulated that hepatic injury in Con-A hepatitis may be dependent on these transcription
factors. Accordingly, we found that nitrite levels were reduced in the liver and serum of Con-
A-treated Mincle™'~ animals compared with WT (Figure 6d). Further, we treated mice with
selective inhibitors of either HIF-1a or C/EBP coincident with Con-A administration and
found that HIF-1a. and C/EBP blockade each protected WT mice from Con-A hepatitis,
reducing cellular injury, intra-hepatic neutrophilia, and systemic inflammation (Figure 7a—
d). Conversely, HIF-1a increased TGF-f expression, whereas C/EBPB blockade
significantly increased it (Figure 7e). HIF-1a and C/EBP inhibition had no discernable
effect on modulating Con-A hepatitis in Mincle™~ animals (Figure S3). However, whereas
Gr1iMCD11b* inflammatory moncoytes were increased after blockade of HIF-1a and C/
EBPp in Con-A hepatitis, which was similar to Mincle deletion, effects of HIF-1a or C/
EBP inhibiton on GriNCD11b* neutrophils and Gr1~CD11b* macrophages did not
phenaocopy the effects of Mincle deletion (Figure 7f). We confirmed that both HIF-1a and C/
EBPp blockade /n vivo markedly lowered iNOS expression in hepatic inflammatory cells
(Figure S4), which correlates with our data showing lower nitrite levels in Con-A-treated
Mincle™~ animals (Figure 6d).

Discussion

Con-A hepatitis is a well-described murine model of acute hepatitis, which has been used to
investigate both T-cell and cytokine-mediated liver injury®. Specifically, Con-A binds to and
modifies MHC complexes on hepatic Kupffer cells leading to activation of CD4* T cells
against hepatocytes. NKT cells have been also been implicated as mediators of hepatocyte
cell death in this model2> 26, Moreover, the inciting CD4* T cell-mediated injury leads to a
second hit” involving an array of innate inflammatory elements23-25, Ligation of select
innate immune receptors, such as TLRY, by intra-hepatic DAMPs have been shown to
exacerbate injury through cytokine release from hepatic macrophages and Kupffer
cells?6-28_ Our study is the first to implicate the innate immune receptor Mincle in the
pathogenesis of Con-A hepatitis, or in any model of acute liver injury, and suggests that
targeting Mincle may be an attractive strategy for experimental therapeutics.

Mincle is a C-type lectin receptor, well characterized by its ability to bind mycobacterial
cord factor Trehalose-6,6-dimycolate (TDM) — a glycolipid molecule found in the cell wall
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of select mycobacteria — and has been implicated in the inflammatory response to diverse
pathogens including mycobacterium bovis, candida albicans and streptococcus
pneumoniaetl: 23-31 Interestingly, akin to Con-A hepatitis, the immune response to each of
these pathogenic entities is thought to be primarily T-cell mediated32: 33, In addition to
ligating select pathogen-associated molecular patterns (PAMPs), Yamasaki et al. elegantly
demonstrated that Mincle binds SAP130, a nuclear protein released from non-apoptotic
dying cells, inducing p-Syk dependent inflammatory responses®. However, the only detailed
investigations into a role for Mincle in non-pathogen induced sterile inflammation are in the
context of ischemic brain injury and obesity-induced adipose tissue fibrosis. Specifically,
Mincle expression was found to be upregulated during ischemic stroke, whereas inhibition
of Mincle signaling via Syk blockade led to a significant decrease in the volume of cerebral
infarct and brain swelling3*. Similarly, Mincle signaling affects neuro-inflammation after
subarachnoid hemorrhage and traumatic brain injury3® 36, Mincle deletion has also been
shown to mitigate obesity-induced insulin resistance in mice fed high-fat diets3”. However,
little is known about the role of Mincle in sterile inflammation in clinical or pre-clinical
models outside of these contexts.

We found that Mincle is highly expressed in liver APC in mice and in human liver CD15*
monocytic cells and Lin"HLA DR™ dendritic cells. Further, both SAP130 and activated
Mincle-associated signaling intermediates are over-expressed in Con-A hepatitis. Our lab
has recently reported that necroptosis, an organized form of Caspase 8-independent cellular
death requiring RIP1 and RIP3 co-localization, is the primary mode of cell death in murine
Con-A hepatitis!0. Therefore, we postulated that Mincle perpetuates insidious inflammatory
liver injury by binding SAP130, released from necroptotic hepatocytes after the initial insult.
We demonstrate that Mincle and SAP130 co-associate in Con-A hepatitis suggesting that the
Mincle-SAP130 axis may be relevant in this disease model. It is notable that Mincle deletion
did not influence toxin-induced liver fibrosis. However, it likely that chronic liver injury is
not characterized by the same rate of necrotic or necroptotic cell death seen in acute injury
precipitating Mincle ligation. Further, the fact that deletion of Dectin-1, an allied C-type
lectin receptor, did not mitigate liver injury in ConA hepatitis is interesting. However,
whereas we reported a role for Dectin-1 in modulating sterile inflammation by mitigating
TLR4 signaling, in contrast to Mincle, Dectin-1 does not have an well-described role in
ligating DAMPs as sterile ligands for Dectin-1 have not been well-characterized.

Akira et al. reported that Mincle expression is restricted to cells of the myelomonocytic
lineage38. Accordingly, we found that myeloid cells transferred from WT donors negated the
protection against Con-A hepatitis in Mincle™~ animals. Mincle expression was
conspicuously absent in hepatocytes. However, we discovered robust expression of Mincle
on LSEC which have an emerging role in Con-A hepatitis3® 49. Nevertheless, our bone-
marrow chimeric experiments demonstrate that interruption of Mincle signaling on bone
marrow-derived liver inflammatory cells is sufficient to induce protection in Con-A
hepatitis. Besides suggesting that LSEC do not have a primary role in the exacerbated liver
disease linked to Mincle signaling, these data also imply that radiation resistant hepatic
macrophage subsets, which represent up to 40% of F4/80™ liver cells, are not the primary
effectors in Mincle-mediated hepatic insult in our model#!. These finding are consistent with
previous reports by our group and others that LSEC have anti-inflammaotry properties in a
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number of experimental contexts 3942, Similarly, resident liver macrophages do not have the
high pro-inflammatory phenotype of infiltrating monocyte derived macrophages 43.

We demonstrated that Mincle deletion or blockade results in diminished injury in Con-A
hepatitis including lower transaminase and serum cytokine levels, diminished pan-leukocyte
influx, decreased numbers of intra-hepatic neutrophils, and lower T cells. Interestingly, we
found a paradoxical increase in macrophages and in inflammatory monocytes in Con-A
injury in Mincle™" liver. These may be related to a robust macrophage-driven hepatic
regenerative response?*. Accordingly, we discovered diminished hepatic expression of pro-
apoptotic genes in Mincle™ liver. Alternatively, the increase in hepatic macrophages in
Con-A-treated Mincle™~ liver may reflect a compensatory increase in the bone-marrow
infiltrating macrophage population. Regardless, our data showing that Mincle ablation leads
to extended animal survival in Con-A hepatitis provides strong rationale for interrupting the
Mincle signaling pathway as a novel approach to experimental therapeutics in liver disease.

The primary pathogenic mechanism underlying Con-A injury is believed to entail Con-A
binding to MHC 1l complexes on hepatic APC, resulting in conformational change in MHC
Il leading to CD4* T cell auto-activation and proliferation, and subsequent liver injury
through Th1 and Th17 cytokine responses®. We demonstrate that Mincle deletion leads to
reduced CD4™ T cell proliferation in the liver of Con-A-treated mice and that Mincle is
critical in inducing diverse immunogenic cytokine production from CD4* T cells.
Importantly, Con-A administration also induces APC to produce an array of pro-
inflammatory cytokines and chemokines, thus aggravating liver injury#®. Our data suggest
that Mincle signaling may by critical for sustainable expression of soluble inflammatory
mediators in Con-A hepatitis. Specifically, we performed mRNA-based array studies
demonstrating that Con-A-treated Mincle™~ liver had significantly decreased levels of pro-
inflammatory mediators with established pathogenic roles in liver injury. A number of the
Mincle-dependent chemokines which we identified are chemotactic for T cells and have
been implicated Con-A or other models of liver injury. For example, Ccl17, which was
diminished in the context of Mincle deletion, is secreted by macrophages and recruits CD4*
T cells to the sites of hepatic inflammation. Ccl2 and Ccl3 have been shown to promote
hepatic fibrosis and inflammation by recruiting macrophages and increasing proliferation
and migration of hepatic stellate cells#6-48, Cxcl10, which we also showed is upregulated in
a Mincle-dependent manner, is induced by IFN-y and was recently shown to recruit
monocytes, Thi cells, and NK cells to the site of liver injury*®. Cxcl10 levels have been
shown to be elevated in patients with Con-A hepatitis, and are also pro-fibrotic4%-51,
Collectively, these data suggest that intra-hepatic Mincle signaling is critical in generating
the hepatotoxic inflammatory environment distinctive of Con-A hepatitis. Besides governing
pro-inflammatory chemokine levels, we also show that Mincle regulates suppressive
cytokine expression in Con-A hepatitis as we found decreased production of TGF-B in livers
of Con-A-treated Mincle™~ mice. Previous studies have shown that impaired TGF-
signaling increases susceptibility to Con-A hepatitis in mouse models®2. Taken together,
these findings suggest that Mincle signaling significantly modulates the inflammatory axis
in Con-A liver injury. Considering that a number of inflammatory mediators linked to
Mincle signaling reportedly exacerbate liver disease, it is likely that the observed Mincle-
depedent effects are the result of a combined effects of these cytokines and chemokines.
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However, definitive determination of the inflammatory mediators required for Mincle-
mediated effects in ConA hepatitis requires more exact investigation.

Most notably, we found increased expression of C/EBP and HIF-1a mRNA in the liver of
Con-A treated WT mice as compared to Mincle™~ mice. Our findings are consistent with a
recent report which showed regulation of Mincle-dependent mycobacterial cord factor
recognition and inflammatory responses by both C/EBPp and HIF1a22. C/EBP is critical
for macrophage-mediated pro-inflammatory function and is specifically required for
increasing the expression of pro-inflammatory cytokines, including IL-4, IL-6, and TNF-
a3, Conversely, macrophages deficient in C/EBPB cannot terminally differentiate, and
inflammatory monocytes deficient in C/EBPB demonstrate accelerated apoptosis in

vivo®* 55, Further, HIF-1a upregulates iNOS expression leading to nitric oxide production
which is necessary for pro-inflammatory macrophage function®®. Accordingly, nitric oxide
has a well-described role in perpetuating Con-A-induced liver injury®’: %8, Our data suggests
that pharmacologic blockade of C/EBP and HIF-1a is protective in Con-A hepatitis and is
associated with decreased iNOS expression in various leukocyte subtypes. Consistent with
these data, we also show that Con-A-treated Mincle™~ mice have lower hepatic and serum
levels of nitrite versus WT mice. Moreover, C/EBPP and HIF-1a protect in a Mincle
specific manner as inhibition of these transcription factors offers no additional protection in
Mincle™~ liver.

Collectively, our data implicate a novel role for the C-type lectin receptor, Mincle, in Con-A
hepatitis via modulation of chemokine-mediated inflammation and enhancement of T cell
proliferation. Moreover, Mincle deletion, blockade, or pharmacologic inhibition of
downstream signaling through p-Syk, C/EBP, or HIf-1a, may provide therapeutic promise
in acute liver disease. However, a limitation to both the C/EBPP and HIF-1a inhibitors are
their pleotropic pharmacologic effects. For instance, Faroogi et.al demonstrated that
Genistein interfers with the MAP kinase signaling by preventing ERK and p38 MAPK
phosphorylation 59. Won et.al demonstrated that the HIF-1a. inhibitor LW6 reduces HIF-1a
levels by inhibiting malate dehydrogenase and interfering with mitochondrial respiration®0.
In human activated T cells, LW6 has been shown to abrograte T cell proliferation by
decreasing levels of glucose transporter-1, lactate dehydrogenase-A and other proteins
involved in glucose metabolism 1. Hence, our conclusions must be tempered in light of
these off-target effects.
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Figure 1. High Mincle expression and signaling in Con-A hepatitis

(a) Mincle expression was assayed in mouse liver NPC by confocal microscopy compared
with NPC from Mincle™" liver. Mincle expression was also compared by flow cytometry in
mouse liver and spleen CD45* pan-liver leukocytes, Gri"CD11b*F480* macrophages, and
F480~CD11c*MHCII* dendritic cells. Representative histograms and quantitative data from
4 mice are shown. Grey histograms represent isotype controls. (b) Mincle expression was
tested in murine CD45-CD146™ liver sinusoidal endothelial cells and CD45-CD146~
hepatocytes by flow cytometry. Representative data indicating the percentage of positive
cells relative to isotype control is shown. (c) Mincle expression was assayed in human liver
NPC by confocal microscopy. Mincle expression was further tested by flow cytometry in
human CD15* liver monocytes and Lin"HLA-DR? liver dendritic cells compared with their
counterparts in PBMC. Representative histograms are shown. Similar results were obtained
from 5 separate patients. (d) Mice were treated with Con-A (20ug/g) or PBS and livers were

harvested and tested for SAP130 expression by ELISA at 12h (n

=3). (e) Lysates from PBS-

or Con-A-treated mice were immuno-precipitated using an a-SAP130 or control mAb and
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then tested for expression of SAP130 and Mincle. (f) Paraffin-embedded sections from livers
of WT mice treated with PBS or Con-A were assayed for expression of p-Syk by
immunohistochemistry at 12h. Isotype control is shown. Representative images and
quantified data are shown (n=3/group). (g) The time course of Syk activation in Con-A
hepatitis was tested by western blotting using liver lysate from 2 mice at each time point. p-
actin was used as a loading control. (h) Inflammatory monocytes from the liver of PBS- and
Con-A-treated mice were tested for expression of p-Syk at 12h after injury. Representative
histograms and quantitative data from 3 mice based on median fluorescent indices (MFI) are
shown (*p<0.05, ***p<0.001). All experiments were repeated at least twice with similar
results.
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Figure 2. Mincle deletion is protective against Con-A hepatitis
WT and Mincle™~ mice were treated with Con-A (20pg/g; n=5/group). (a) Livers were

harvested at serial time intervals and examined by H&E staining. The fraction of non-viable
liver area was bracketed and calculated by examining 10 HPFs per liver. Representative
H&E-stained sections from the 12h time-point are shown. Paraffin-embedded sections from
the 12h time-point were also examined by TUNEL staining. The fraction of TUNEL™*
hepatocytes was calculated. (b) Serum levels of ALT and AST, (c) TNF-a, IL-10, IFN-vy,
IL-6, and MCP-1 were calculated for each cohort at 12h. (d) Similarly, hepatic expression of
FasL and Bcl2 were calculated by a Nanostring assay. (e) The decrease in mouse rectal
temperature from baseline was calculated at 12h in the WT and Mincle™~ cohorts.
Experiments were repeated more than 5 times with similar results (*p<0.05, **p<0.01,
**xn<(0.001). (f) WT and Mincle™~ mice were treated with a potentially lethal dose of Con-
A (40pg/g) and survival was measured according to the Kaplan-Meier method (n=10-11/
group; p=0.04).
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Figure 3. Mincle or Syk blockade are protective in Con-A hepatitis but Mincle ligation
exacerbates disease
(a, b) WT mice were treated with Con-A alone or in combination with a neutralizing a-

Mincle mAb (n=5/group). (a) Livers were harvested at 12h and the fraction of necrotic liver
area was calculated based on H&E staining. (b) Serum levels of pro-inflammatory cytokines
were tested. (¢, d) WT mice were treated with Con-A alone or in combination with the Syk
inhibitor Piceatannol (n=5/group). (c) Livers were harvested at 12h and the fraction of
necrotic liver area was calculated based on H&E staining. (d) Serum levels of pro-
inflammatory cytokines were tested. (e, f) WT mice were treated with PBS, TDB alone,
Con-A alone, or Con-A + TDB (n=5/group). (e) Livers were harvested at 12h and the
fraction of necrotic liver area was calculated based on H&E staining. (f) Serum levels of pro-
inflammatory cytokines were tested (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 4. Mincle deletion does not mitigate TAA-induced liver fibrosis and Dectin-1 deletion does
not protect against ConA hepatitis
(a—c) WT and Mincle™~ mice (n=5/group) were serially treated with TAA for 12 weeks.

Livers were examined by (a) H&E and (b) trichrome staining and the percent fibrotic area
was calculated. (c) CD45* pan-leukocyte infiltrate were determined by
immunohistochemistry. (d—f) WT and Dectin-1~/~ mice were treated with Con-A (20ug/g).
(d) Livers were harvested at 12h and examined by H&E staining. Representative H&E-
stained sections are shown and the fraction of non-viable liver was calculated. (e) Serum
levels of AST, (f) TNF-a, IL-10, IL-6, and MCP-1 were calculated for each cohort (n=5
group; p=ns for all comparisons). /n vivo experiemnts were repeated twice with similar
results.
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Figure 5. Mincle signaling in liver infiltrating inflammatory cells modulates Con-A hepatitis
(a) CD45.1 mice were irradiated and made chimeric with bone marrow derived from

congenic CD45.2 mice. The extent of chimerism was tested at 7 weeks by flow cytometry
and found to be near-complete. (b) WT mice were made chimeric with WT bone marrow
“WT (WT)’ or Mincle™~ bone marrow ‘WT (Mincle™")’. Similarly, Mincle™~ mice were
made chimeric with WT bone marrow ‘Mincle™= (WT)’ or Mincle™~ bone marrow
‘Mincle™~ (Mincle™")". Seven weeks later, all four cohorts were treated with Con-A
(20ug/g; n=5/group). Livers were harvested at 12h and the percentage of non-viable liver
was calculated based on H&E staining. Hepatocyte apoptosis was determined by TUNEL
staining. (c) Serum ALT was calculated. (d) Serum TNF-a, IFN-y, and IL-6 were measured.
(e) The decrease in mouse rectal temperature from baseline was calculated for each cohort.
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(f) Mincle™~ mice were adoptively transferred one hour prior to Con-A administration with
CD11b* hepatic leukocytes (1x10° cells, i.v.) harvested from either WT or Mincle™" liver.

Mice were sacrificed at 12h and the percentage of non-viable liver was calculated based on

H&E staining (*p<0.05, **p<0.01, ***p<0.001).
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Eigure 6. Mincle deletion modulates intra-hepatic inflammation and nitrite production in Con-A
epatitis

(afc) WT and Mincle™~ mice were treated with Con-A (20ug/g). (a) CD45* pan-leukocyte,
MPO* neutrophil, CD3* T cell, and CD68* macrophage infiltrate were determined by
immunohistochemistry at 12h. Results were quantified by examining 10 HPFs per slide
(n=5/group). (b) Intra-hepatic inflammation was determined by mRNA levels of diverse
inflammatory mediators in whole liver tisues. A heat map analysis showing fold change in
Mincle™~ mRNA expression levels relative to WT controls is shown (n=2/group). (c)
Cellular ractions of myeloid and T cell subsets in livers of Con-A-treated WT and Mincle™~
mice were determined by flow cytometry. Representative dot plots and quantifications based
on replicates, including the CD4:CD8 ratio, are shown. Flow cytometry experiments were
reproduced more than 3 times using 3-5 mice per cohort. (d) The Griess assay was used to
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determine nitrite levels in the liver and serum of WT and Mincle™~ mice at 12h after Con-A
administration. (n=5/group; *p<0.05, **p<0.01, ***p<0.001).
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Figure 7. Inhibition of HIF-1a or C/EBP is protective against Con-A hepatitis
(a—e) WT mice were treated with Con-A (20ug/g) alone or in combination with a HIF-1a or

C/EBPg inhibitor. Injury was determined by (a) the percent necrotic liver area based on
H&E staining, (b) the percentage of TUNEL™ hepatocytes, (c) number of infiltrating MPO*
cells, and (d) serum levels of TNF-a, IFN-vy, IL-6, and MCP-1. (e) Hepatic expression of
TGF-p was tested at 12h by gPCR. Data was normalized to PBS-treated controls. (f)
Cellular fractions of T cells and myeloid cellular subsets in livers of mice in each cohort
were determined by flow cytometry. Representative pseudocolor plots and quantifications
based on replicates are shown. This experiment was repeated twice (n=5/group; *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001).
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