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Abstract

Cellular processes that drive sterile inflammatory injury after hepatic ischemia/reperfusion (I/R)
injury are not completely understood. Activation of the inflammasome plays a key role in response
to invading intracellular pathogens, but mounting evidence suggests it also plays a role in
inflammation driven by endogenous danger-associate molecular pattern (DAMP) molecules
released after ischemic injury. The nucleotide-binding domain, leucine-rich repeat containing
protein 3 (NLRP3) inflammasome is one such process, and the mechanism by which its activation
results in damage and inflammatory responses following liver I/R is unknown. Here we report that
both NLRP3 and its downstream target Caspase-1 are activated I/R and are essential for hepatic 1/
R injury as both NLRP3 and Caspase-1 KO mice are protected from injury. Furthermore,
inflammasome-mediated injury is dependent on Caspase-1 expression in liver non-parenchymal
cells. While upstream signals that activate the inflammasome during ischemic injury are not well
characterized, we show that endogenous extracellular histones activate the NLRP3 inflammasome
during liver I/R through Toll-like Receptor-9 (TLR9). This occurs through TLR9-dependent
generation of reactive oxygen species. This mechanism is operant in resident liver Kupffer cells,
which drive innate immune responses after I/R injury by recruiting additional cell types, including
neutrophils and inflammatory monocytes. These novel findings illustrate a new mechanism by
which extracellular histones and activation of NLRP3 inflammasome contribute to liver damage
and activation of innate immunity during sterile inflammation.

Background

Ischemia reperfusion (I/R) injury is a dynamic process that involves the deprivation of blood
flow and oxygen followed by their restoration, which leads to ischemic organ damage and
inflammation-mediated reperfusion injury (1). Liver I/R injury inevitably occurs after liver
resection, organ transplantation, massive trauma and hemorrhagic shock. There are two
distinct stages of liver I/R. First, the ischemic insult causes sub-lethal cellular damage
through oxidative stress and reactive oxygen species (ROS) production. Reperfusion then
augments the injury by propagating the sterile inflammatory, innate and adaptive immune
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responses (2,3). Liver resident Kupffer cells (KCs), the major population of non-
parenchymal cells (NPCs), have crucial roles in the initial inflammatory stages by
phagocytosing necrotic cells, secreting cytokines, and recruiting other inflammatory cells
such as neutrophils and circulating monocytes (1). Because of their immune triggering
capability, responses driven by KCs have been recognized as a key mechanisms in liver I/R

injury (3).

Nucleotide-binding domain, leucine-rich repeat containing protein 3 (NLRP3), also known
as NALP3 or cryopyrin, is an intracellular nucleotide-binding oligomerization domain
(NOD)-like receptor that functions as a danger signal sensor that becomes activated in
response to a diverse range of microbial and non-microbial cellular stressors (4). The
activation of NLRP3 leads to the assembly of NLRP3 inflammasome, which includes pro-
caspase-1 and the adaptor apoptosis-associated speck-like protein containing a CARD
(ASC), resulting in the production of pro-inflammatory cytokines IL-1f and IL-18. This
multi-protein complex plays an important role for host responses to microbial pathogens and
several multifaceted diseases (4). There are numerous exogenous agonists that can activate
the NLRP3 inflammasome, including several pathogen-associated molecular pattern
(PAMP) molecules. Additionally, a number of endogenous agonists have also been recently
described. These molecules are danger-associated molecular pattern (DAMP) molecules,
and include ATP, amyloid 8, monosodium urate, and cholesterol crystals (5). While PAMP
molecules are generally recognized in response to invading pathogens, DAMPs are the
major mediators of sterile inflammatory injury, such as hepatic I/R. Recently, it has been
shown that the activation of the inflammasome plays a crucial role in both cardiac and
hepatic I/R injury (6,7), as gene silencing of NLRP3 results in protection from inflammation
and hepatocyte injury after liver I/R. This protective effect is associated with reduced
production of pro-inflammatory cytokines including IL-1f, IL-18, TNF-a, and IL-6 (6).
While activation of the inflammasome has been shown to play a key role in these processes,
upstream ligands responsible for initiating these responses are unknown.

The functions of extracellular histones have been intensely studied in several inflammatory
models. Although low levels of extracellular histones have shown to be present in normal
human circulation (8); their levels are greatly increased during sepsis (9), and systemic lupus
erythematosus (10). In a mouse model of sepsis, extracellular histones have been
demonstrated to be major mediators of endothelial dysfunction, organ failure and death (11).
Additionally, histones contribute to death in inflammatory injury and chemical-induced liver
injury (12). We have recently shown that extracellular histones act as a new class of DAMPs
and augment inflammation and organ damage through TLR9 after liver I/R (13). We
hypothesized that extracellular histones might also play a role in inflammasome activation
after I/R. In this study, we demonstrate that extracellular histones released after I/R activate
the NLRP3 inflammasome in KCs through TLR9-dependent generation of ROS. This
mechanism propagates organ damage through neutrophil and inflammatory monocytes
recruitment. These findings reveal a novel pathway in KCs by which endogenous DAMP
molecules - histone proteins - drive innate immune responses in hepatic I/R through ROS
generation, NLRP3 inflammasome activation, and further recruitment of pro-inflammatory
cells.

Materials and Methods

Animals

Eight- to 12-week-old male wild-type (WT) C57BL/6 mice, IL-1R knockout (KO), IL-18
were purchased from The Jackson Laboratory (Bar Harbor, Me), NLRP3~/~, caspase-17-,
TLRYCPG/CPG mutant mice were provided by Dr. Timothy Billiar from the University of
Pittsburgh Medical Center (Pittsburgh, PA). Animal protocol approved by the Institutional
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Animal Care and Use Committee of the University of Pittsburgh and the experiments were
performed in adherence to National Institutes of Health guidelines for the use of laboratory
animals.

Chimeric mice

Liver I/R

Chimeric mice were produced by adoptive transfer of donor bone marrow cells into
irradiated recipient animals using combinations of caspase-1 WT and caspase-1 KO mice in
the following recipient/donor combinations: WT/WT, WT/KO, KO/KO, KO/WT. Recipient
mice were exposed to an otherwise lethal 1000 cGy from a Cesium source (Nordion
International) 6 h before receiving 2.5 x 108 bone marrow cells by tail vein injection. The
bone marrow cells were prepared in a sterile manner from the tibia and femur bones of the
donor mice. All animals were monitored two to three times weekly for the first 2 weeks to
ensure successful bone marrow engraftment. The chimeric mice underwent hepatic I/R after
another 8-10 weeks to ensure stable engraftment.

A nonlethal model of segmental (70%) hepatic warm ischemia and reperfusion was used
(14). Under sodium ketamine (100 mg/kg body weight, i.p.) and xylazine (10 mg/kg)
anesthesia, a midline laparotomy was performed. The liver hilum was dissected free of
surrounding tissue. All structures in the portal triad (hepatic artery, portal vein, bile duct) to
the left and median liver lobes were occluded with a microvascular clamp (Fine Science
Tools) for 60 min, and reperfusion was initiated by removal of the clamp. Throughout the
ischemic interval, evidence of ischemia was confirmed by visualizing the pale blanching of
the ischemic lobes. After the clamp was removed, gross evidence of reperfusion that was
based on immediate color change was assured before closing the abdomen with continuous
4-0 polypropelene suture. Temperature during the ischemia was maintained at 31°C by a
warming incubator chamber (Fine Science Tool). Sham animals underwent anesthesia,
laparotomy, and exposure of the portal triad without hepatic ischemia. At the end of the
observation period following reperfusion, the mice were anesthetized with inhaled isoflurane
and sacrificed by exsanguination.

Experimental Design

Mice received anti-histone H3 or H4 antibodies (20 mg/kg) (12), control 1gG (15006, Sigma-
Aldrich), TLR9 agonist (100 pg per mouse; ODN1668, Invivogen), caspase-1 inhibitor (100
pg per mouse; Z-YVAD-FMK, R&D Systems) (15) or DMSO intravenously 30 minutes
before ischemia, as previously described (13). Calf thymus histones (25 mg/kg; H9250,
Sigma-Aldrich), control CpG (Invivogen), TLR9 antagonist (100 pug per mouse; ODN2088,
Invivogen), or phosphate-buffered saline (PBS) were injected intraperitoneally immediately
after ischemia.

Liver Damage Assessment

Serum alanine aminotransferase (SALT) levels were measured using the DRI-CHEM 4000
Chemistry Analyzer System (Heska). The extent of parenchymal necrosis in the ischemic
lobes was evaluated using H&E stained histological sections. Images covering all necrotic
areas were captured at a magnification of 40x (16). The necrotic area was quantitatively
assessed by using Image J (NIH). Results were presented as the mean of percentage of
necrotic area (mm?) with respect to the entire area of one capture (mm2). Histological
sections were assessed in a blinded manner by two individual examiners, who were unaware
of the treatment group assignment of the animals, and quantified using a semi-quantitative
scoring system to assess liver damage (17).
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Serum IL-1f and IL-18 levels in the mouse were detected by ELISA (eBioscience or MBL
international) according to the manufacturer’s instructions.

Isolation and Culture of Hepatocytes, Nonparenchymal Cells and Kupffer cells

Hepatocytes and NPCs were isolated from normal WT C57BL/6 mice. Briefly, the portal
vein was cannulated and the liver was perfused for 3 min with 1x HBSS (Invitrogen Life
Technologies) supplemented with 0.96 g of sodium bicarbonate/500 ml (Perfusate 1) at a
flow rate of 10 ml/min. Then, the liver was perfused with a 0.2% protease (Sigma-Aldrich)
in Perfusate | for 3 min. The liver was dissected out and placed in a petri dish with Perfusate
Il and diced into 2- to 3-mm pieces. The supernatant was then filtered. NPCs were separated
from the hepatocytes by one cycle of differential centrifugation (400 rpm for 5 min). The
supernatant was further centrifuged (400 rpm for 5 min and two cycles of 1500 rpm for 5
min) to obtain NPCs. The NPCs did not contain hepatocytes as detected by light
microscopy. Hepatocytes were further purified over a 90% Percoll gradient. Hepatocyte
purity exceeded 98% as assessed by light microscopy, and viability typically was 95% as
determined by trypan blue exclusion assay. NPCs were resuspended and added to 3.0 ml of
40% (w/v) Optiprep (Sigma-Aldrich) to remove debris and enrich the NPC. The NPCs-
enriched fraction was collected, washed in PBS, and positively selected using PE-conjugated
anti-F4/80 (Cedarlane), and magnetic MicroBeads following the manufacturer’s protocol
(Miltenyi Biotec). NPCs (50 x 106) were plated as described (18,19). KCs (50 x 106) were
plated.

In Vitro Coculture Assays

The in vitro experimental procedure was modified as described by Gowda et. al (20). WT
KCs were cultured under different time of hypoxia (0 to 24 hour), or stimulated with
different doses of histones (0 pg/mL to 50ug/mL) or TLR9 agonist (ODN 1668, 0 ug/mL to
15 pg/mL), or TLR9 antagonist (ODN2088 15ug/mL) or histone + TLR9 antagonist, or anti-
oxidant N-acetylcysteine (NAC) (25 mM or 50 mM) for 12 hours. Additionally, WT KC’s
were stimulated with either histones (50 pg/mL), DNase | (100 U/mL), or Trypsin (100 ug/
mL). For combination experiments, histones were pre-treated with trypsin or DNase | for 30
minutes prior to addition to KC cells.

Sodium Dodecyl Sulfate—Polyacrylamide Gel Electrophoresis and Western Blotting

Western blot analysis for Caspase-1 (1:1000; Cell Signaling Technology), I1L-1p (1:1,000;
Abcam), IL-18 (1:800; MBL International), functional TLR9 (1:1,000; eBioscience), were
performed. Protein extraction and Western blot analysis were performed following a
standard protocol as described previously (21).

SYBR Green Real-Time Reverse-Transcription PCR

Total RNA was extracted from the liver using the RNeasy Mini Kit (Qiagen). mRNA for
TNF-a, IL-6, and B-actin was quantified in duplicates by SYBR Green Reverse-
Transcription PCR. PCR reaction mixture was prepared using SYBR Green PCR Master
Mix (PE Applied Biosystems) using described primers (21).

Caspase Activity Assay

Caspase-1 activity was determined in freshly prepared whole liver lysates with a
colorimetric assay as described previously (22). The caspase-1 activity analysis was based
on the cleavage of the WEHD-pNA (Trp-Glu-His-Asp-pnitroanilide) substrate (R&D
Systems).
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Immunofluorescent Staining for Activated Caspase-1

Kupffer cells were stimulated with hypoxia, 15 pg/mL TLR9 agonist (ODN 1668
Invivogen) or 25 pg/mL exogenous histones for 12 h, then were incubated with cell
permeable caspase-1 carboxyfluorescein-labeled fluorochrome inhibitor of caspase-1
(FLICA®660 caspase-1 kit, InmunoChemistry Technologies), which binds to activated
caspase-1, in serum-free DMEM for 1 h, followed by 3 washes, fixed with 4%
paraformaldehyde in PBS for 15 min at room temperature, and incubated with 1 mg/ml
Hoechst for 15 min at room temperature in the dark. Cells were mounted with Vecta-Shield
Mounting media. Slides were viewed with Olympus confocal microscopes.

Quantitation of Confocal Immunofluorescent

All images were quantitated as previously described (23) using MetaMorph™ software
(Molecular Devices, Downingtown, PA). In brief, all confocal immunofluorescent images
were uniformly gated for inclusive threshold to measure cleaved caspase-1 content. The total
area of the fluorescent signal specific to cleaved caspase-1 was measured by using the Show
Region Statistics application from the measure menu. The total number of nuclei was
determined, for the purpose of normalizing amount of cleaved caspase-1 by sample size
within the sample field, by applying a threshold excluding local background fluorescence
and utilizing the Count Cells application from the Apps menu.

Detection of Cellular Reactive Oxygen Species Production

Cellular ROS production was detected by using an Image-it™ live green reactive oxygen
species detection kit (Molecular Probes/Invitrogen) and analyzed using a high content
analysis platform on an Arrayscan VTi (Cellomics) following the manufacture’s protocol.
Or Cells were incubated with 10 uM DCF diacetate (DCF-DA) (Invitrogen). After
stimulation, cells lysate supernatants were read in a fluorescence spectrophotometer
(SpectraMAX Gemini XS; MDS Analytical Technologies) with 485-nm excitation and 530-
nm emission wavelengths, as described previously (24).

Flow Cytometry Analysis

Ischemic liver lobes were aseptically harvested from NLRP3 KO and WT mice at 6 h
reperfusion after 1 h ischemia and prepared as a single cell suspension. RBC were lysed, and
the cells were analyzed by flow cytometry for innate immune cell populations using the
following antibodies as described (25): dendritic cells [MHC class 11 (I-AP)*CD11c*],
neutrophils (CD11b*Ly6G"), inflammatory monocytes (CD11b*Ly6CM), and Kupffer cells
(CD11b'°F4/80%). Antibodies were purchased from eBioscience: PE anti-NK1.1 PK136 and
PE-Cy7 anti-CD11b M1/70, BD Bioscience: APC anti-CD11c HL3 and FITC anti-Ly6C
AL-21, or Biolegend: FITC anti-I-AP AF6-120.1, APC anti-CD11b M1/70, PE anti-F4/80
BMS8, PE-Cy7 anti-Ly6G 1A8, or from Miltenyi Biotec: eflour450 ME-9F1. For
measurement of mitochondria-associated ROS production, NPCs were stained with
MitoSOX (Molecular Probes/Invitrogen) following the manufacture’s protocol for FACS
analysis (26). Data were acquired with a BD FACS LSR Fortessa flow cytometer (BD
Biosciences) and analyzed with FlowJo analytical software (Treestar). Each experiment was
repeated a minimum of three times.

Statistical Analysis

Results are expressed as the mean + SE. Statistical analysis was performed using the
Student’s #test or one-way analysis of variance (ANOVA). All statistical analyses were
performed using Sigma Stat version 3.5 (Systat Software, Inc.). Graphs were generated
using Sigma Plot version 10 (Systat Software, Inc.). P < 0.05 was considered statistically
significant.
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Genetic Deletion of nlrp3 or caspase-1 is Protective in Liver I/R Injury

To determine whether the NLRP3 inflammasome and its downstream protein, caspase-1,
contribute to hepatic organ damage after ischemic stress, we subjected NLRP3 KO and
Caspase-1 KO mice to liver I/R. Both NLRP3 KO and Caspase-1 KO mice were
significantly protected from hepatic I/R injury compared to WT mice (Fig. 1A). Based on a
semi-quantitative scoring system to assess liver damage (17), histology was concordant with
the serum ALT estimation of liver damage with the presence of severe sinusoidal dilatation
and confluent pericentral hepatocellular necrosis in liver tissue from WT mice but not within
NLRP3 or Caspase-1 KO mice (Fig. 1B). To further confirm the role of caspase-1 in liver I/
R, we used the caspase-1 inhibitor Z-YVAD-FMK. WT mice treated with the Z-YVAD-
FMK inhibitor were significantly protected following hepatic I/R compared to mice treated
with control DMSO (Fig. 1A). Liver histology was also consistent with these results (Fig.
1B).

The NLRP3 Inflammasome is Activated in Liver I/R Injury

Using NLRP3 KO and capase-1 KO mice in I/R, we first verified that caspase-1 activity was
significantly reduced in NLRP3 KO mice and absent in caspase-1 KO mice after liver I/R
(Fig. 2A). NLRP3 activation leads to caspase-1 activation, which causes the maturation and
secretion of IL-1f and IL-18 among other substrates (5). After hepatic I/R, liver tissue
expression of activated caspase-1 and downstream matured IL-10 and I1L-18 were all up-
regulated in the liver after I/R injury (Fig. 2B). Furthermore, these levels were reduced in
NLRP3 KO mice, caspase-1 KO mice, and in mice treated with a caspase-1 inhibitor. We
also assayed serum levels of IL-1p and IL-18 at the same time point and found reductions of
these levels in both NLRP3 and caspase-1 KO mice (Figure 2C)

We hypothesized that release of IL-1p and I1L-18 downstream of NLRP3 inflammasome
activation would contribute to pro-inflammatory cytokine signaling. The cytokines, TNF-a
and IL-6 can be readily assessed as global markers of inflammation and organ damage
during hepatic I/R injury (21). NLRP3 KO, caspase-1 KO and caspase-1 inhibitor-treated
mice exhibited significantly lower mRNA level of TNF-a and IL-6 compared with the WT
mice after liver I/R (Fig. 2D). We also determined that the lack of IL-1p or I1L-18 signaling
protected mice from I/R injury using IL-18 KO and IL-1R1 KO mice. These mice were
subjected to liver I/R and exhibited decreased hepatocellular damage compared to WT (data
not shown), suggesting that IL-1f or IL-18 contribute to organ damage downstream of
inflammasome activation. This data suggests that the NLRP3 inflammasome, caspase-1, and
cytokines IL-1p and IL-18 play key roles in organ injury following hepatic I/R by driving
pro-inflammatory signaling and promoting hepatocyte necrosis.

Functional caspase-1 on bone marrow-derived cells is required for liver I/R injury

The pathophysiology of liver I/R is dependent on both hepatocellular mechanisms as well as
interactions with bone marrow-derived NPCs, including resident KCs, infiltrating
neutrophils, and dendritic cells, among others (2). We hypothesized that bone-marrow
derived cells would responsible for the effect of inflammasome-driven inflammation given
that NLRP3 activity is robust in macrophages and other immune cells (27). Additionally,
another recent study examined inflammasome activation in all cell types of the liver (28)
and found strong activation in KCs, the liver’s resident macrophages. We generated
caspase-1 chimeric mice by adoptive transfer of donor bone marrow cells into irradiated
recipient animals using combinations of caspase-1 WT and caspase-1 KO mice. First, we
confirmed functionality of this model by assaying caspase-1 activity (Fig. 3A). WT/WT
mice had significantly higher levels of caspase-1 activity after I/R, while KO/KO mice had
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no increase in activity after I/R. In caspase-1 KO mice with caspase-1 WT bone-marrow
cells (KO/WT), caspase-1 activity was restored to levels near WT/WT mice, and there was
no significant difference between these groups. However, in caspase-1 WT mice with
caspase-1 KO bone-marrow (WT/KO), caspase-1 activity was significant reduced after I/R
to levels near KO/KO mice. These results suggested that the majority of caspase-1 signaling
after I/R is dependent on bone-marrow derived cells. We also assayed liver damage and
cytokine levels. KO/KO chimeric mice were protected from liver I/R compared with WT/
WT mice as measured by serum ALT levels (Fig. 3B), histological damage (Fig. 3C), serum
IL-18 and IL-18 (Fig. 3D), liver IL-1p and IL-18 (Fig. 3E), and by reductions in serum
cytokines IL-6 and TNF-a (Fig. 3F). Caspase-1 WT mice with caspase-1 mutant bone
marrow cells (WT/KO) were also protected from hepatic I/R in a similar fashion compared
to WT/WT controls (Fig. 3B—F). In contrast, caspase-1 mutant mice with caspase-1 WT
bone marrow cells (KO/WT) displayed a phenotype after I/R injury similar to WT/WT mice,
with no significant differences in SALT levels, serum IL-1f, liver IL-1p and IL-18, and
serum TNF-a (Fig. 3B—F). However, we did observe that KO/WT mice had significantly
less histological damage (Fig. 3C), serum IL-18 (Fig 3D), and serum IL-6 (Fig 3F),
suggesting that the observed effects of inflammasome activation after I/R may not be totally
dependent on bone marrow derived cells, and that other systemic mechanisms may be
contributing to this pattern. Nonetheless, these results strongly suggest that inflammatory
damage driven by inflammasome activation after I/R is largely due to bone-marrow derived
cells.

Extracellular Histones Activate the NLRP3 Inflammasome through the TLR9 Signaling

We have recently reported that extracellular histones contribute to hepatic I/R injury by
functioning as DAMPs, leading to a pro-inflammatory immune responses and organ damage
(13). At high systemic doses they cause direct endothelial damage and organ injury, and our
previous results suggest that they also participate in innate immune responses by stimulating
hepatic non-parenchymal cells (NPCs) to secrete cytokines through unknown mechanisms.
Although the NLRP3 inflammasome has previously been shown to be activated by several
endogenous agonists (5), the contribution of histone proteins has not been examined. We
hypothesized that histones might play a role in inflammasome activation. Therefore, in order
to determine whether NLRP3 is activated by extracellular histones after liver I/R, we treated
mice with neutralizing antibodies to either histone H3 or H4 and found that mice treated
with neutralizing anti-histone antibodies clearly exhibited less activated caspase-1 as well as
matured IL-10 and IL-18 compared to 1gG-treated mice (Fig. 4A). In contrast, we found that
mice treated with exogenous histones immediately after ischemia had significantly greater
protein level of activated caspase-1 as well as matured IL-1( and IL-18 compared to both
PBS-treated and sham mice (Fig. 4A). Caspase-1 activity evaluated by colorimetric assay
was also consistent with these results (Fig. 4B).

We recently established that TLR9 and its downstream signaling molecule MyD88 are
involved in histone-mediated damage during sterile inflammatory injury induced by I/R
(13). Since we found that histones stimulate inflammasome activation after I/R, we sought to
determine whether TLR9 activation is an intermediary between extracellular histones and
activation of the NLRP3 inflammasome. TLR9 mutant (TLR9CPG/CPC) and their WT
counterparts were administered either exogenous histones or PBS after ischemia. Protein
levels of activated caspase-1 in TLR9 mutant mice were significantly less than in WT mice
after ischemia (Fig. 4C). Activated caspase-1 was increased in TLR9 WT mice given
exogenous histones, whereas they failed to enhance the activation of caspase-1 in TLR9
mutant mice (Fig 4C). Similarly, lower levels of activated caspase-1 were also observed in
WT mice treated with a TLR9 inhibitor (ODN2088) compared to PBS injection (Fig. 4D),
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corroborating these findins. These results demonstrate that inflammasome activation after I/
R injury is a result of upstream TLR9 activation stimulated by extracellular histones.

Extracellular Histone Mediated Liver I/R Injury is Dependent on the NLRP3 Inflammasome

Our previous study demonstrated a role for TLR9 signaling in mediating extracellular
histone-mediated damage (13), although the precise mechanism accounting for this
phenomenon remains unanswered. Since our data showed blocking the effects of histones or
TLR9 activation after I/R reduced NLRP3 inflammasome activation, we sought to
investigate the role of NLRP3 in histone-mediated damage after I/R injury. When exogenous
histones were administered to NLRP3 KO mice they failed to exacerbate liver damage
compared to KO mice treated with PBS, whereas damage as assessed by sALT and liver
histology was significantly increased in the corresponding WT controls (Fig. 5A and B).

The reduction in injury in NLRP3 KO mice after exogenous histones treatment was further
validated by protein analysis of downstream pro-inflammatory cytokines. Exogenous
histones failed to enhance the activation of caspase-1, mature IL-10 and IL-18 in NLRP3
KO mice. In contrast, those protein levels were dramatically increased in WT mice treated
with histones (Fig. 5C, 5D). The decrease in mature IL-1f and I1L-18 in NLRP3 KO mice
likely contributed to the attenuated damage after liver I/R.

The NLRP3 Inflammasome in KCs is Activated by Extracellular Histones through TLR9

Next, we sought to determine potential in vitro mechanisms through which extracellular
histones, TLR9, and the NLRP3 inflammasome mediate organ damage after I/R. Since our
chimeric mouse data suggested a strong role for bone-marrow derived cells, we examined
the cell non-parenchymal cell types of the liver that might be responsible for mediating the
effect of inflammasome activation after I/R. While we found that the NLRP3 inflammasome
was weakly activated in liver sinusoidal epithelial cells (data not shown), we also considered
that these cell types are not re-populated in the liver after adoptive bone marrow transfer and
thus were not responsible for the observed effects of inflammasome activation in NPCs.
Strong activation of the NLRP3 inflammasome has been demonstrated in KCs (28), and we
also found robust activation of the inflammasome in these cells /n vitro. We used hypoxia as
a stimulus as it simulates the ischemic microenvironment during I/R. We observed an
increase in the activation of caspase-1 as well as IL-1f and IL-18 in a time-dependent-
manner in KCs exposed to hypoxic conditions compared to normoxia (Fig. 6A). Treatment
of KCs with H,0, showed similar results occurring in a dose-dependent manner (data not
shown). Confocal microscopy confirmed that both hypoxia- and H,O,- treatment induced an
increase in caspase-1 activity in KCs (Fig. 6B).

We next determined whether exogenous histones could activate the NLRP3 inflammasome
in KCs. KCs obtained from WT mice exposed to different concentrations of exogenous
histones resulted in a dose-dependent increase in the activation of caspase-1 whereas the
NNLRP3 inflammasome is not activated in KCs from TLR9 mutant mice (Fig. 6C).
Consistent results were obtained when KCs were stimulated with the TLR9 agonist
(ODN1668) exhibiting increased activation of caspase-1, IL-1f and IL-18 in a dose-
dependent manner (Fig. 6D and 6E). Immunofluorescence quantification of activated
caspase-1 confirmed the activation of inflammasome in mouse KCs after stimulation of
histones, TLR9 agonist or hypoxia compared to normal controls (Fig. 6F). Furthermore,
KCs were co-stimulated with histones and the TLR9 antagonist ODN2088. A reduction in
activation of caspase-1, IL-1p and 1L-18 was observed with ODNZ2088 treatment (Fig. 6G).
While our results suggested a strong role for TLR9 in mediating extracellular histone-
mediated inflammasome activation in hypoxic KCs, we also considered that other
mechanisms may be contributing to our observed effects. In hepatic I/R, other members of
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the TLR family - mainly TLR4 and TLR2 - have been shown to contribute to I/R damage
through propagation of DAMP signaling and downstream inflammatory pathways (29). Our
own results showed a strong but non-significant trend in protection from histone-mediated
damage after I/R in TLR4 KO mice (13). We stimulated TLR2 and TLR4 KO KCs with
histones and assayed for inflammasome activation (Supplemental Figure 1). We found a
dose-dependent increase in inflammasome activation in both TLR4 and TLR2 KO cells,
suggesting that histone-mediated inflammasome activation is largely independent of these
receptors. Collectively, these results suggest that extracellular histones are capable of
mediating NLRP3 inflammasome activation 7 vitro through TLRO.

Extracellular Histone-Activated TLR9 Leads to Mitochondrial ROS Production in KCs and
Subsequently Activates the NLRP3 Inflammasome

Our data show that histones are capable of activating the inflammasome in KCs through
TLR9, but the intermediate signaling pathways that link TLR9 to inflammasome activation
are unknown. Kupffer cells are well-known to mediate damage after I/R through reactive
oxygen species (ROS) (30) and recent data suggests that mitochondrial-associated ROS
production activates the NLRP3 inflammasome (31,32). Therefore, we sought to discern
whether ROS linked upstream histone/TLR9 engagement to downstream NLRP3
inflammsome activation. Using high content analysis, we studied ROS production WT and
TLR9 mutant KCs in response to a TLR9 agonist or histones. Levels of ROS significantly
increased in both WT and TLR9 mutant KCs after stimulation with tert-butyl hydroperoxide,
a known stimulus of ROS production in hepatocytes (33). Stimulation with either
extracellular histones or a TLR9 agonist resulted in a statistically significant increase in total
cellular ROS production in KCs from TLR9 WT mice. However, both these treatments
failed to enhance the production of ROS in KCs from TLR9 mutant mice (Fig. 7A).
Additionally, we found that mitochondrial ROS were also elevated in a similar fashion in
WT cells stimulated with either histones or TLR9 agonist (Fig. 7B). Given that ROS
production has been extensively shown to activate the NLRP3 inflammasome (34), we
hypothesized that ROS production downstream of TLR9/histone engagement might provide
the stimulus for NLRP3 inflammasome activation. Indeed, we found that the increased ROS
production in WT KCs stimulated with either histones or TLR9 agonist was significantly
neutralized by anti-oxidant N-acetylcysteine (NAC) (Fig. 7C). Neutralization of ROS by
treatment with the NAC completely abolished inflammasome activation in KCs stimulated
with histones or a TLR9 agonist (Fig. 7D), suggesting that production of ROS is the
mechanism by which extracellular histones - through TLR9 signaling - activate the NLRP3
inflammasome in KCs.

NLRP3 Inflammasome Regulates Innate Immune Cells in Liver I/R

To determine the role of NLRP3 inflammasome in modulating other innate immune cells in
the liver following I/R, flow cytometry analysis with quantitative evaluation of dendritic
cells (DCs), neutrophils, and inflammatory monocytes in homogenized ischemia liver lobes
was performed. Liver I/R injury in WT mice led to a significant increase in total cell
numbers of neutrophils and inflammatory monocytes but a significant decrease in DCs
compared with sham WT mice (Fig. 8). However, the ablation of NLRP3 conferred a stable
innate immune environment that DCs, neutrophils and inflammatory monocyte numbers
remained unchanged after liver I/R compared with sham KO mice. This data demonstrate
that the elimination of the NLRP3 inflammasome down-regulates innate immune response
by decreasing the influx of innate immune cells in the ischemic lobes after liver I/R.
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Discussion

Ischemia reperfusion injury contributes to morbidity and mortality in a broad range of
pathologies. It has been established that the sterile inflammatory response plays a key role in
the pathogenesis of I/R injury. This involves DAMPSs activating signaling through pattern-
recognition receptors, such as TLRs, with the subsequent recruitment and activation of
innate immune cells (35). In addition to TLRs, emerging evidence illustrates the importance
of NOD-like receptors with their formation of the multi-protein complex inflammasome in 1/
R injury (36). lyer et al. found that acute necrotic cell death due to renal I/R injury triggers
an inflammatory response through the NLRP3 inflammasome and results in collateral tissue
damage (37). Shigeoka et al. also found NLRP3-deficient mice showed protection against
renal I/R injury (38), and results from Kawaguchi et al. suggest that the inflammasome is a
potential novel therapeutic target for preventing myocardial I/R injury (7). The purpose of
this study was to determine the mechanisms by which NLRP3 inflammasome activation
results in damage and inflammatory response following liver I/R. The major and novel
findings of this investigation are: (a) extracellular histones serve as novel activators of the
NLRP3 inflammasome; (b) functional caspase-1 in liver bone-marrow derived cells, not
parenchymal hepatocytes, is required for liver I/R injury; (c) the activation of NLRP3
inflammasome by extracellular histones is dependent on TLR9 suggesting interplay between
TLR9 and NLRP3 signaling pathways; (d) KCs play an essential role in histone-mediated
activation of the NLRP3 inflammasome; (e) activation of the NLRP3 inflammasome in KCs
drives the innate immune response by mediating the infiltration of innate immune cells
during liver I/R.

A recent experimental study in mice with NLRP3 silenced by small hairpin RNA revealed
that NLRP3 signaling is involved in liver I/R and silencing of NLRP3 can protect the liver
from I/R injury by reducing IL-1pB, IL-18, TNF-q, IL-6, and HMGBL1 release (6). Our
present findings are consistent with the study in that the activation of the NLRP3
inflammasome was found to have detrimental effects in liver tissues after I/R injury. We
further demonstrate that genetic elimination of NLRP3 or caspase-1, and pharmacologic
inhibition of caspase-1 ameliorated the innate immune response and resultant organ injury
associated with liver I/R. In contrast to our data, Menzel et al. suggests that caspase-1 is
hepatoprotective through the regulation of cell death pathways in the liver after major
trauma, and that caspase-1 activation does not depend on NLRP3 in the hemorrhagic shock/
bilateral femur fracture mouse model (39). We believe that this discrepancy on the role of
NLRP3 and caspase-1 in liver injury may be model-related. Our study uses a model of local
injury to the liver where caspase-1 in KCs is dominant; whereas Menzel and colleagues
utilized a systemic injury model where caspase-1 in hepatocytes is clearly involved.
Additionally, they suggest that other inflammasomes instead of NLRP3 serve as activators
of caspase-1 in hepatocytes after hemorrhagic shock. We, as well as others (36),
demonstrated reduction of activated caspase-1 after eliminating NLRP3 during I/R injury,
suggesting that activation of caspase-1 is dependent on the activation of NLRP3 during I/R
in KCs. However, the contribution of NLRP3 signaling in hepatocytes remains to be seen in
warm hepatic I/R injury.

We find that extracellular histones released following liver I/R serve as novel activators of
NLRP3, which in turn stimulates the formation of NLRP3 inflammasome and activates
downstream caspase-1, IL-1f and IL-18. Besides pathogen-associated stimuli, a number of
endogenous danger signals such as DNA fragments and HMGB1 have also been reported to
activate the NLRP3 inflammasome and contribute to the pro-inflammatory response in liver
I/R (40-44). We recently reported that extracellular histones may also function as DAMPSs,
mediating liver I/R injury through the TLR9 signaling pathway (13). Thus, we hypothesized
that extracellular histones can also activate NLRP3 inflammasome via a mechanism that is
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dependent on TLR9 signaling pathway during liver I/R. We provide evidence that the
administration of exogenous histones can activate the NLRP3 inflammasome, whereas anti-
histone antibody treatment, neutralizing endogenously release histones, reduced the
activation of NLRP3 during liver I/R. Furthermore, NLRP3 activation was reduced when
TLR9 antagonist was introduced to the system along with exogenous histones suggesting
NLRP3 activation by extracellular histones is dependent on TLR9 signaling pathway.
Interestingly, in two different models of inflammation (acetaminophen-induced hepatic
injury and acute pancreatitis in mice), TLR9 alone was shown to promote pro-1L-1f through
the ubiquitously activated NF-kB; and, activation of the NLRP3 inflammasome was
suggested to be independent of TLR9 signaling pathway (45,46). On the contrary, our study
shows a clear association between the TLR9 signaling pathway and the activation of NLRP3
during liver I/R.

Though these studies provide data to show that histones augment inflammasome activation
through TLR9, one limitation of this study is that the role of nucleosomes and free DNA in
inflammasome activation were not examined in our model. Indeed, several studies recent
studies have examined the effects of histones, free DNA, and their combination in the form
of nucleosomes in both TLR9 and inflammasome activation. In a model using parasitic p.
falciparum, Gowda et al. showed that nucleosomes were the immunostimulatory component
responsible for activating human dendritic cells (20), and that degradation of either histones
or DNA resulted in abolished DC activation. They hypothesized that while negatively
charged DNA is incapable of being taken up by DC’s, the combination of highly positively
charged histones in the form of nucleosomes allowed for cell uptake and efficient delivery to
intracellular TLR9-containing endosomes. In our /n vivo model of hepatic I/R, the
mechanism of uptake and delivery of histones and DNA to TLR9 remains an unanswered
question. Furthermore, the individual roles of histones and free DNA have not been
examined. However, our data in these studies along with our previously published data (13)
clearly show that a systemically non-toxic dose of histones (25 mg/kg) exacerbates I/R
injury, and that this histone-specific toxicity is dependent on both TLR9 and NLRP3
inflammasome activation in bone marrow-derived inflammatory cells to promote the full
extent of inflammatory injury. Whether this phenomenon is due to direct histone-mediated
toxicity or through enhanced delivery of TLR9 ligands to endosomes remains unknown.
However, we did find /n vitro in KCs that full activation of the inflammasome likely
requires both histones and free DNA (Supplemental Figure 2). We found that co-treatment
of KCs with histones and either DNase or trypsin reduced inflammasome activation.
Furthermore, with both DNase and trypsin, inflammasome activation was nearly abolished
completely. These data suggest that both histones and DNA work in combination to activate
the inflammasome.

While our data shows that histones drive inflammasome-driven organ inflammation and
damage downstream of TLR9 activation, other TLRs have been shown to play a role in
histone-mediated cell toxicity. Specifically, TLR4 and TLR2 have been shown to play
prominent roles in mediating the toxic effects of histones in ConA-induced acute liver injury
(12), acute kidney injury (47), and thrombosis (48). In hepatic I/R, our own data shows a
strong but non-significant trend in which TLR4 KO mice are afforded protection from
histone toxicity after I/R (13). Several studies have examine the role of TLRs in hepatic I/R
(43), and while TLR4, TLR2, and TLR9 mice are globally protected from I/R injury, our
data suggest that TLR9 is most important for histone mediated toxicity in hepatic I/R. While
I/R injury is exacerbated with histone injections in TLR2 and TLR4 KO mice, this response
is blunted most dramatically in TLR9 KO mice. Similar to other DAMP molecules, histones
appear to have both direct and indirect effects on cell signaling pathways. Directly, they
disrupt cell membranes causing electrolyte imbalances (11) and may directly bind to TLR2,
TLR4, and TLR9. Indirectly, they may function to enhance the cytokine activity of other
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DAMP molecules whose effects are primarily mediated through TLRs, including TLR2,
TLR4, and TLRO.

Finally, we found that activation of the NLRP3 inflammasome mediates the innate immune
response by inducing the infiltration of innate immune cells during liver I/R. We further
confirmed the reduction of DCs in ischemic liver lobes after liver I/R as Bamboat et al.
observed (25). However, in our study we observed a much lower percentage of cDCs
compared to theirs. This may possibly be a result of differences in the cell collection method
and time point of NPC harvest. We used an earlier time point of 6h of reperfusion while
Bamboat and colleagues harvested cells 12h after ischemia. Interestingly, total cell numbers
of cDCs were significantly lowered in NLRP3 KO sham mice compare with WT sham mice,
the mechanism of this requires further investigation. Reduction of neutrophils and
inflammatory monocytes in NLRP3 KO mice after liver I/R suggests the importance of the
NLRP3 inflammasome in recruiting innate immune cells after liver damage. This is
consistent the findings of McDonald et al. that NLRP3 deficiency significantly reduced the
quantity of recruited neutrophils after local liver necrosis (49). Collectively, these studies in
addition to our data suggest that inflammasome activation may regulate innate immune cell
numbers in sterile inflammation. However, the mechanism by which NLRP3 inflammasome
regulates innate immune cells remains to be established.

In conclusion, the NLRP3 inflammasome is activated by endogenous histones during liver 1/
R, which contributes to organ damage through activation of caspase-1 and increased
production of the pro-inflammatory cytokines IL-1f and IL-18. Activation of NLRP3
inflammasome in KCs by histones is through a TLR9-dependent pathway, which mediates
ROS production. Activation of KCs ultimately leads to alterations in the innate immune cell
composition of the liver after I/R (Figure 9). Our findings illustrate a novel mechanism by
which I/R may lead to injury and potentially provide additional therapeutic targets to limit
the sterile inflammatory response.
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Genetic deletion of NLRP3 (NLRP3 KO), caspase-1 (caspase-1 KO) or inhibition of
caspase-1 protects against hepatic I/R injury. (A) Serum ALT levels in NLRP3 KO,
caspase-1 KO, WT mice treated with caspase-1 inhibitor and their corresponding control
animals after liver I/R. WT mice were given caspase-1 inhibitor (Z-YVAD-FMK 100 mg/
mouse) or 0.1% DMSO (control) intravenously 30 minutes before ischemia. Data represent
the mean + SE (n = 6 mice per group). Student’s #test, *P < 0.05 vs. WT control. (B)
Quantification of necrotic hepatocytes in hematoxylin and eosin-stained liver sections from
NLRP3 KO, caspase-1 KO, caspase-1 inhibitor treated mice and WT animals 6 hours after
reperfusion. The graph is representative of liver sections from six mice per group. Student’s
Etest, *P < 0.05 vs. WT control. Histological sections were assessed in a blinded manner by
two individual examiners, who were unaware of the treatment group assignment of the
animals, and quantified using a semi-quantitative scoring system to assess liver damage

(17).
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Figure 2.

Activation of NLRP3 inflammasome is involved in liver I/R. (A) Activation of caspase-1 in
NLRP3 KO, caspase-1 KO and WT mice subjected to liver I/R compared to the WT sham
group, assessed by colorimetric assay. Data represent the mean £ SE (n = 6 mice per group).
ANOVA Tukey test, *P < 0.05, NLRP3 KO group versus WT group after I/R. (B) Western
blot images showing the protein levels of activated (cleaved) caspase-1, IL-1f and IL-18 in
liver of WT (C57BL/6) mice, NLRP3 KO, caspase-1 KO and caspase-1 inhibitor treated-
mice at 6 hours after reperfusion. Each lane represents a separate animal. The blots shown
are representatives of three experiments with similar results. (C) Serum levels of IL-1p and
IL-18 obtained from NLRP3 KO, caspase-1 KO mice and their WT at 6 hours after
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reperfusion were measured by ELISA and compared to the sham group. Data represent the
mean + SE (h = 6 mice per group) ANOVA Tukey test, *P<0.05 vs. WT control. (D) IL-6
and TNF-a mRNA levels in NLRP3 KO or caspase-1 KO mice vs WT mice after 6 hours I/
R, ANOVA Tukey test, *P < 0.05 WT vs. sham, NALP3 KO, caspase-1 KO or caspase-1
treated mice.
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Figure 3.

WT/WT WT/KO KO/KO KOWT

Functional caspase-1 on bone marrow derived cells, not parenchymal cells, is required for
liver I/R injury. (A) Activation of caspase-1 in WT/WT, WT/KO, KO/WT and WT/WT
mice subjected to liver I/R compared to the WT sham group, assessed by colorimetric assay.
Data represent the mean + SE (n = 6 mice per group). ANOVA Holm-Sidak method, *P <
0.05 WT/KO vs. KO/WT, WT/WT vs. WT/KO; N.S., not significant WT/WT vs. KO/WT.
(B) Serum ALT levels in caspase-1 chimeric mice after liver I/R. Data represent the mean +
SE (n = 4-6 mice per group). ANOVA Holm-Sidak method, *P < 0.05 WT/KO vs. KO/WT,
WT/WT vs. WT/KO; N.S., not significant WT/WT vs. KO/WT. (C) Quantification of
necrotic hepatocytes in hematoxylin and eosin-stained liver sections from caspase-1
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chimeric mice 6 hours after reperfusion. The graph is representative of liver sections from
4—-6 mice per group ANOVA Holm-Sidak method, *P < 0.05, WT/KO vs. KO/WT, WT/WT
vs. WT/KO, WT/WT vs. KO/WT; N.S., not significant. (D) Serum levels of IL-1 and IL-18
obtained from caspase-1 chimeric mice at 6 hours after reperfusion were measured by
ELISA. Data represent the mean £ SE (n = 4-6 mice per group). ANOVA Holm-Sidak
method, *P < 0.05, WT/KO vs. KO/WT, WT/WT vs. WT/KO, WT/WT vs. KO/WT; N.S.,
not significant WT/WT vs. KO/WT. (E) Western blot images showing the protein levels of
activated (cleaved) IL-1p and IL-18 in liver of caspase-1 chimeric mice at 6 hours after
reperfusion. Each lane represents a separate animal. The blots shown are representatives of
three experiments with similar results. (F) IL-6 and TNF-a mRNA levels in NLRP3 KO or
caspase-1 KO mice vs WT mice after 6 hours I/R, ANOVA Holm-Sidak method, *P < 0.05,
WT/KO vs. KO/WT, WT/WT vs. WT/KO, WT/WT vs. KO/WT; N.S., not significant WT/
WT vs. KO/WT.
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Figure4.

Extracellular histones activate NLRP3 inflammasome during liver I/R. (A) Western blot
images showing inflammasome protein level activated caspase-1, IL-1f and I1L-18 in liver of
WT (C57BL/6) mice at 6 hours after reperfusion. Sham or I/R-treated mice was given either
a nonlethal dose of exogenous histone mixture (25 mg/kg body weight), vehicle PBS, anti-
histone H3 antibody, anti-histone H4 antibody (20 mg/kg body weight) or control antibody
intravenously 30 minutes prior to ischemia. Each lane represents a separate animal. (B)
Activation of caspase-1 in WT mice treated with vehicle PBS, exogenous histone mixture,
anti-histone H3 or anti-histone H4 antibody that were subjected to liver I/R compared to
sham treated-mice, assessed by colorimetric assay. Data represent the mean + SE (n =6
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mice per group). ANOVA Tukey test, *P < 0.05, PBS vs. Histones; **P < 0.05, anti-histone
H3 or H4 vs. PBS. Extracellular histones activate NRLP3 inflammasome through TLR9
signaling pathway during liver I/R. (C) Protein levels of activated caspase-1, IL-1 and
IL-18 in liver of TLR9 mutant or WT mice treated with PBS or exogenous histones (25 mg/
kg body weight) and quantitative densitometry of the protein expressions of activated
caspase-1. (D) Protein levels of activated caspase-1, IL-1f and IL-18 in liver of TLR9
inhibitor treated- or control CpG treated-mice administrated with PBS or exogenous histones
and quantitative densitometry of the protein expressions of activated caspase-1. Each lane
represents a separate animal and each animal was harvested after 6 hours of reperfusion. The
blots shown are representatives of three experiments with similar results Student’s #test, *P
< 0.05, PBS vs. Histones.
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Figure5.

Extracellular histones mediated hepatic I/R injury depends on NLRP3 inflammasome. (A)
Serum ALT levels in NLRP3 KO or WT mice after 6 hours of reperfusion that were treated
with PBS or exogenous histones (25 mg/kg body weight). Data represent the mean + SE (n
=7 mice per group). Student’s #test Mann-Whitney Rank Sum Test, N.S., not significant
PBS vs. Histones. (B) Quantification of necrotic hepatocytes in hematoxylin and eosin-
stained liver sections from histone treated- or PBS treated-NLRP3 KO mice 6 hours after
reperfusion. The graph is representative of liver sections from six mice per group. ANOVA
Tukey test, N.S., not significant PBS vs. Histones (C) Protein levels of activated caspase-1,
IL-18 and IL-18 in liver of TLR9 mutant or WT mice treated with PBS or exogenous
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histones. Each lane represents a separate animal. The blots shown are representatives of
three experiments with similar results. (D) Serum levels of IL-1 and IL-18 obtained from
NLRP3 KO mice and WT counterparts at 6 hours after reperfusion that were treated with
PBS or exogenous histones (25 mg/kg body weight) were measured by ELISA and
compared to the sham group. Data represent the mean + SE (n = 6 mice per group). NLRP3
KO mice vs WT mice after I/R, Student’s £test, N.S., not significant PBS vs. Histones.
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Figure6.

NLRP3 inflammasome in KCs is activated by extracellular histones through TLR9 pathway.
Whole cell lysate from KCs after stimulation was subjected to western blot analysis of
activated caspase-1, IL-1p and 1L-18. For Western blot images: The blots shown are
representatives of three experiments with similar results. (A) Cultured mouse KCs were
exposed to hypoxia (1% O5) from 0 to 12 hours. (B) The activated caspase-1 in cultured
KCs obtained WT mice stimulated with normoxia or hypoxia (1% O,) overnight was
visualized with caspase-1 fluorochrome inhibitor of caspase-1 reagent and observed under
confocal microscope. Green, actin; blue, nuclei; red, activated caspase-1. (C) Cultured KCs
from WT or TLR9 mutant mice were stimulated with exogenous histones from dosage of 0
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to 50 pg/mL for 12 hours. (D) The activated caspase-1 in cultured KCs that were stimulated
with exogenous histones (25 pg/mL) or TLR9 agonist (15ug/mL) or PBS for 12 hours, was
visualized with caspase-1 fluorochrome inhibitor of caspase-1 reagent and observed under
confocal microscope. Green, actin; blue, nuclei; red, activated caspase-1. (E) Cultured
mouse KCs were stimulated with TLR9 agonist from dosage of 0 to 15ug/mL for 12 hours.
(F) Quantitation of activated caspase-1 in cultured mouse KCs was measured using the
analytical software MetaMorph™ and normalized to nuclei within the sample field. ANOVA
Holm-Sidak method, *P < 0.05; Histones or TLR9 agonist vs. PBS treated-KCs, **P < 0.05;
Hypoxia vs. Normoxia treated KCs. (G) Cultured mouse KCs were stimulated with TLR9
antagonist or/and exogenous histones for 12 hours.
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Figure7.

TLR9 signaling pathway is involved in the activation of NLRP3 inflammasome through the
increase of mitochondrial and total cellular ROS production. (A) Cellular ROS production
detected by high content analysis in cultured whole NPCs, which were obtained from WT or
TLR9 mutant mice, were stimulated with exogenous histones or TLR9 agonist and then
compared with negative and positive control stimulation. ANOVA Dunn’s method, *P <
0.05 compared to negative control. **P < 0.05 compared to negative control. N.S., not
significant compared to negative control. (B) Flow cytometry of cultured KCs stimulated
with exogenous histones, TLR9 agonist or PBS were stained with MitoSOX and were
compared with negative and positive controls. The bar graph represents pooled data from
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three experiments. ANOVA Tukey test, *P < 0.05 compared to PBS treatment. (C) KCs
from WT mice stimulated with NAC (0, 25 or 50 mM) Cells were subjected to exogenous
histones (50 pg/mL), TLR9 agonist (15 pg/mL) or PBS for 12 hours. ROS production
measured by DCF assay shown is the percent increase relative to respective normoxic
controls. ANOVA Holm-Sidak method, *, P < 0.05 versus NAC treated KCs. N.S., not
significant. (D) KCs from WT mice stimulated with NAC (50mM) were subjected to
exogenous histones (50 pg/mL), TLR9 agonist (15 pg/mL) or PBS for 12 hours. Whole cell
lysate from KCs after stimulation was subjected to western blot analysis of activated
caspase-1, IL-1f and IL-18. For Western blot images: The blots shown are representatives of
three experiments with similar results.
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Figure8.

NLRP3 inflammasome regulates innate immune cells in liver I/R. Flow cytometry analysis
with a quantitative evaluation of NPCs in homogenized ischemia liver lobes in NLRP3 KO
and WT mice. Gated percentages of conventional dendritic cells (cDCs), neutrophils, and
inflammatory monocytes were evaluated. (B) Absolute numbers (in million of cells) of
¢DCs, neutrophils, and inflammatory monocytes cells. Data represent the mean + SE (n =6
mice per group). ANOVA Tukey test, *P < 0.05 compared to sham mice N.S., not
significant sham vs. liver I/R. Each experiment was repeated a minimum of three times.
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Figure9.

Hypothetical model illustrating the role of extracellular histones in the activation of NLRP3
inflammasome through TLR9 in liver I/R injury. During liver I/R injury, extracellular
histones are sensed by TLR9, which initiates the cellular and mitochondrial ROS
production. ROS then activates the NLRP3 inflammasome. Activation of NLRP3
inflammasome further regulates innate immune cells in liver I/R.
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