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Abstract

Background—Neutrophils and Liver sinusoidal endothelial cells (LSECs) both contribute to
sterile inflammatory injury during ischemia/reperfusion (I/R), a well-known liver surgical stress.
Interleukin-33 (IL-33) has been shown to drive neutrophil infiltration during inflammatory
responses through its receptor ST2. We recently reported that infiltrating neutrophils form
neutrophil extracellular traps (NETS), which exacerbate sterile inflammatory injury in liver I/R.
Here, we sought to determine the role of IL-33 in NET formation during liver sterile inflammation.

Methods—Evaluation of IL-33 forming NETs was investigated using partial liver I/R model to
generate sterile injury in healthy WT, IL-33 and ST2 knockouts. Serum IL-33 and
myeloperoxidase (MPO)-DNA levels were measured in both humans and mice after the first
surgery. Liver damage was assessed. Mouse neutrophil depletion was performed by intraperitoneal
injection of anti-Ly6G antibody before I/R.
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Results—Patients undergoing liver resection show a significant increase in serum IL-33
compared to healthy volunteers. This coincided with higher serum - MPO-DNA complexes. NET
formation was decreased in IL-33KO and ST2 KO mice compared with control after liver I/R.
IL-33 or ST2 deficiency protected livers from I/R injury, whereas rlL-33 administration during I/R
exacerbated hepatotoxicity and systemic inflammation. /n vitro, 1L-33 is released from LSECs to
promote NET formation. 1L-33 deficient LSECs failed to induce NETSs. ST2 deficient neutrophils
limited their capacity to form NETS /n vitro and adoptive transfer of ST2 KO neutrophils to
neutrophil-depleted WT mice significantly decreased NET formation.

Conclusions—Data establish that 1L-33, mainly released from LSECSs, causes excessive sterile
inflammation after hepatic I/R by inducing NET formation. Therapeutic targeting IL-33/ST2
might extend novel strategies to minimize organ damage in various clinical settings that are
associated with sterile inflammation.
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Introduction

During major liver resection or liver transplantation, the liver inevitably suffers direct
mechanical and hypoxic injury with cellular necrosis. Further dysfunction and damage
results from excessive activation of a sterile inflammatory response upon restoration of
blood flow even in the absence of microbial pathogens [1, 2]. This process of ischemia and
reperfusion (I/R) injury significantly contributes to the complications that follow these
surgical procedures [3]. Both infiltrating neutrophils and liver sinusoidal endothelial cells
(LSECs) have been implicated as critical cellular participants during liver I/R [4]. We have
recently shown that in response to endogenous damage-associated molecular patterns
(DAMP) molecules, infiltrating neutrophils form neutrophil extracellular traps (NETS) in the
liver sinusoids during liver I/R. The NETS, in turn, were shown to exacerbate the
inflammatory cascades augmenting liver injury [5].
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IL-33 is a member of IL-1 family that resides in the nucleus, mainly found in barrier cells
such as epithelial cells, keratinocytes, and LSECs [6, 7]. As a nuclear protein, I1L-33
normally serves in the regulation of gene expression via binding to histones, histone
methyltransferase, or NF-xB [6]. Like other DAMPs of nuclear origin, 1L-33 is released into
the extracellular space from severely injured or necrotic cells [7]. IL-33 binds to a cell
surface receptor complex of 1L-1 receptor-like 1 (IL1RL1) (also known as suppression of
tumorgenicity 2, ST2) and IL-1 receptor accessory protein (ILLRAcP) [8]. Engagement of
IL-33 with the transmembrane form of ST2 (ST2L) leads to activation of diverse
intracellular signaling pathways, which are dependent on cell type and location [7]. In
addition to IL-33/ST2 signaling at cell surfaces, the ST2 gene also encodes a soluble form of
the protein (sST2) which lacks the transmembrane domain [9]. sST2 can function as a decoy
receptor for IL-33, by interfering with the engagement of I1L-33/ST2L at cell surfaces,
thereby preventing activation of intracellular signaling pathways [10].

We have established that DAMPs facilitate NET formation during liver I/R leading to
exaggerated sterile inflammatory liver injury [5]. IL-33 has previously been shown to play
an important role in neutrophil infiltration, migration and activation [11-13]. However, the
mechanism by which IL-33 acts as DAMP promoting sterile inflammatory liver injury is
poorly understood. In the current study, we report a pathophysiological mechanism whereby
IL-33 is released from LSECs after warm liver I/R to initiate a feed-forward mechanism
involving ST2-dependent NET formation. These data establish IL-33/ST2 axis mediating
NET formation in exacerbation of inflammation and hepatotoxicity during liver I/R.

Materials and Methods

Patient samples and data

Animals

We collected serum samples on postoperative day-1 from patients who underwent
hepatectomy at the University of Pittsburgh. The majority of the patients (89%) in this study
underwent liver resection for colorectal cancer metastases to the liver. All indications for
surgery, and the characteristics of the background liver histology are listed in Supplementary
Table 1. In particular, no patients had a diagnosis of chronic viral hepatitis or liver cirrhosis.
We included sequential eligible patients, between the years 2010-2012, who were disease-
free at the end of the operation and had a minimum one-year follow-up. Serum MPO-DNA
complex levels for each sample were quantified and the fold-change was determined
compared to healthy controls previously [14]. IL-33 serum levels were quantified and
determined by ELISA (R&D Systems) All human materials used were obtained under an
approved Institutional Review Board protocol. Written informed consent was received from
all participants before inclusion.

Eight- to 12-week-old male wild-type (WT C57BL/6) mice were purchased from the
Jackson Laboratory (Bar Harbor, ME). IL-33 knockout (KO) mice were generated as
described previously [15]. BALB/c ST2KO mice were originally obtained from A.
McKenzie (Medical Research Council Laboratory of Molecular Biology, University of
Cambridge, Cambridge, U.K.) [16] and provided by Dr. Heth R. Turnquist from the
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University of Pittsburgh (Pittsburgh, PA) [17]. Animal protocol approved by the Institutional
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.

A nonlethal model of segmental (70%) hepatic warm ischemia and reperfusion was used
[18]. Mice received ST2 Fc protein (100 pg per mouse; R&D Systems) intravenously 30
minutes before ischemia, as previously described [19]. Recombinant mouse IL-33 (carrier-
free, 4, 8, or 10 ug per mouse; BioLegend) or PBS were injected intraperitoneally 1 h before
or immediately after ischemia. Sham animals underwent anesthesia, laparotomy, and
exposure of the portal triad without liver ischemia. Animals were sacrificed at predetermined
time points (1 or 6 hours).

Neutrophil depletion, isolation, and adoptive transfer

Mouse neutrophils were isolated from bone marrow of tibias and femurs as described
previously [5]. Neutrophil depletion was performed as described previously [20] with an
intra-peritoneal injection of 500 pg anti-Ly6G antibody (1A8) (BioXCell) 24 and 2 hours
before I/R. ST2 KO or WT freshly isolated neutrophils were injected into the spleens of WT
mice just before I/R.

Quantification of NETs

To quantify NETs in cell culture supernatant or in mouse serum specifically, a capture
ELISA myeloperoxidase (MPO) associated with DNA was performed as described [5].
Serum HMGBL, a marker of NETs [14], was quantified using an ELISA kit (IBL
International). Serum nucleosome quantification was performed using the Cell Death kit
(Roche).

Isolation, culture and treatment of hepatocytes, Nonparenchymal Cells and Kupffer cells

ELISA

Hepatocytes were isolated, plated (3x108 cells/plate) and stimulated with hypoxia as
previously described [21]. Supernatants from hypoxic or necrotic hepatocytes were
harvested and used as conditioned media in subsequent co-culture assays. KCs were
collected as previously described [22]. Mouse liver sinusoidal endothelial cell (LSEC) line
was purchased from Cell Biologics or isolated from the liver Nonparenchymal cells (NPCs)
using AutoMacs™ pro cell suspension. NPCs were stained with CD146 microbeads
(Miltanyi) for 15 mins and resuspended in 5% RPMI-Hyclone Media.

Serum IL-33, tumor necrosis factor a (TNF-a) and IL-6 levels in the mouse were detected
by ELISA (R&D Systems) according to the manufacturer’s instructions. HMGB1 was
quantified using ELISA kit (IBL International). Serum histones quantification was
performed using Cell Death Kit (Roche).
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Sodium Dodecyl Sulfate—Polyacrylamide Gel Electrophoresis and Western Blotting

Western blot analysis for 1L-33 (Nessy-1 Enzo Life Science); Cit-H3 (Abcam), ST2,
HMGBL1, histone H2A 2B, histone H3, histone H4 (Abcam); histone H1 (Santa Cruz); p-
actin (Sigma); phospho-p38, p38, phospho-JNK, JNK, ERK, phospho-ERK, p65, and
phospho-p65 (Cell Signaling), were performed. Protein extraction and Western blot analysis
were performed following a standard protocol as described [23].

Real-Time Quantitative Live-Cell Analysis and visualization of NET formation

For Real-Time Quantitative Live-Cell Analysis, the NET formation was visualized and
confirmed by labeling extracellular DNA with SYTOX Green (5 pM, Invitrogen) [24]. In
brief, neutrophils were plated in a 12-well plate. NET formation was determined by plating
the cells in the IncuCyte™ ZOOM Live-Cell Analysis System (Essen Bioscience, Ann
Arbor, MI), which enables the automated noninvasive monitoring of live neutrophils in
culture. Nine different locations per well were imaged every 10 minutes for NET formation.

Statistical Analysis

Results

Results were expressed as the mean + SE. Group comparisons were performed using
ANOVA and Paired student’s t-test. For the human subjects’ data analysis, we compared the
means of pre-operative and post-operative IL-33 serum levels using a paired student’s t
representing the data graphically with their 95% confidence interval. The baseline
characteristics of each group were compared using chi-square or Fisher’s exact tests for
categorical variables. A p<0.05 was considered statistically significant and p<0.001 was
considered highly significant.

Serum IL-33 was significantly increased and correlated with NET formation in human
patients underwent liver resection and up-regulated and released from LSECs after liver

I/R in mice

Serum IL-33 levels have been shown to be significantly increased in patients with liver
failure [25], viral hepatitis [26] and biliary atresia [27] compared with healthy controls. We
measured IL-33 serum levels in a total of 41 patients, between the years 2010-2012,
undergoing liver resection and 10 healthy age/gender-matched subjects. We compared
preoperative serum IL-33 levels with healthy control and found no significant difference
(median 2.169 pg/mL vs. median 1.716 pg/mL, p=0.24). Of note, when pre-operative 1L-33
levels were analysed by liver background, no difference was observed based on liver
histology that included various degrees of fatty liver, but no viral hepatitis or cirrhosis.
Although recent data show that IL-33 levels may be increased at the tissue level in primary
colorectal cancer [28] and in steatohepatitis [29]. In our cohort of human patients
(Supplementary Table 1) this was not reflected in pre-operative IL-33 serum levels. A paired
analysis of pre-operative and post-operative 1L-33 levels was performed for 36 of 41
available serum pairs (Fig. 1A). Liver surgery resulted in a 5.1-fold increase in post-
operative 1L-33 compared with pre-operative IL-33 serum levels (Median 11 pg/mL vs.
median 2.16 pg/ml, p<0.0001). When stratified for the extent of surgery, IL-33 levels after
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major resection were higher than after minor liver resection (Median 10.51 vs. 3.1 pg/ml,
p<0.001) (Fig. 1B). Interestingly, there was a strong correlation between postoperative IL-33
levels and NET formation as measured by serum MPO-DNA complexes (a specific marker
of NETS) (Spearman’s coefficient 0.7, p<0.001) (Fig. 1C).

In vivo, following 60 min of warm ischemia, IL-33 protein expression in ischemic liver
tissue was dramatically up-regulated as early as 1 h after reperfusion and then increased 6 h
after reperfusion. Also, serum levels of 1L-33 were significantly higher in mice with liver I/R
at both 1 h and 6 h than in sham mice (Fig. 1D). Using immunofluorescent staining, we
observed that LYVE-1 [30], a marker of LSECs, co-localized with IL-33, suggesting that
LSECs are the major source of IL-33 after I/R (Fig. 1E).

IL33 promotes NETs formation during hepatic I/R

We recently demonstrated that NET formation occurs following liver I/R [5]. To determine
whether 1L-33 contributes to NET formation, we subjected 1L-33 KO mice to liver I/R.
Serum levels of circulating MPO-DNA complexes were significantly reduced in IL-33 KO
mice compared to their WT counterparts (Fig. 2A). Serum levels of nucleosomes and
HMGB1 after I/R, surrogate markers for NET formation, were also significantly less in
IL-33 KO mice compared to WT controls (Supplementary Fig. 1A). Additionally, liver
tissue from 1L-33 KO mice had significantly lower levels of citrullinated histone H3 (cit-
H3), another specific marker of NET formation, compared to WT mice undergoing hepatic
I/R (Fig. 2A). 1L-33 KO mice were protected from liver I/R injury with significantly lower
levels of circulating SALT and lower extent of liver necrosis after hepatic I/R by histologic
examination (Fig. 2B and Supplementary Fig. 1B). Of note, the number of neutrophils
infiltration after hepatic I/R were significantly higher in the WT mice compared to IL-33KO
(Supplementary Fig. 1E). Serum levels of TNF-a and IL-6 in IL-33 KO mice, two cytokines
shown to be important in the pathogenesis of I/R injury [21], were also lower than in WT
mice (Fig. 2C).

To confirm the functional role of IL-33 in NET formation after liver I/R, recombinant mouse
IL-33 (rIL-33) was administered to mice immediately after I/R. rIL-33 at a dose of 10 ug
injected intraperitoneally or intravenously caused no elevation of SALT in sham treated mice
(data not shown). NET formation as measured by serum levels of MPO-DNA complexes,
nucleosomes, and HMGB1, as well as tissue levels of cit-H3 in ischemic liver lobes were
significantly increased in rIL-33-treated I/R mice compared to PBS-treated I/R mice (Fig.
2D and Supplementary Fig. 1C). Similarly, increased SALT levels (Fig. 2E), greater extent of
necrosis (Fig. 2E and Supplementary Fig. 1D) in ischemic liver lobes as well as increased
serum levels of TNF-a and IL-6, were observed in rIL-33 treated mice after I/R compared to
PBS-treated mice. (Fig. 2F). These results suggest that 1L-33 can further drive NET
formation and concurrent tissue toxic inflammatory response following hepatic I/R.

Interestingly, Sakai et al. found seemingly contradictory results showing less hepatotoxicity
if IL-33 was administered before I/R [31]. We confirmed these results and found
significantly less NET formation and injury in mice with an injection of rIL-33 before I/R
(Supplementary Fig. 2A-E). While rIL-33 administration exacerbated liver injury compared
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to controls after I/R, our data suggested that post-ischemic treatment of IL-33 functions to
amplify the inflammatory cascade.

IL-33 modulates inflammatory signaling pathways after liver I/R

To further investigate how IL-33 might mediate the inflammatory response in liver I/R
injury, we examined the mitogen-activated protein kinases (MAPK) and NF-xB signaling
pathways. After 1 h of hepatic I/R, phosphorylation of c-Jun N-terminal kinase (JNK), p38,
and extracellular signal-regulated kinase (ERK) increased compared to sham treated mice. In
contrast, activation of these MAPK proteins was abrogated when IL-33 KO mice were
subjected to I/R (Supplementary Fig. 3). Additionally, we observed an increase in NF-xB
activation after 1 h of I/R in WT liver tissue by phosphorylation at serine 536 of the p65
subunit in WT mice, and this effect was significantly blunted in IL-33 KO mice
(Supplementary Fig. 3). These results suggest that absence of 1L-33 during I/R reduces
activation of MAPKSs and NF-xB in the liver, which is consistent with the findings that these
mice have decreased inflammatory responses after I/R.

To determine the role of 1L-33 in modulating the recruitment of innate immune cells in the
liver following I/R, flow cytometry analysis with quantitative evaluation of DCs, neutrophils,
inflammatory monocytes, and NK cells in ischemic liver tissue was performed. Liver I/R
injury in WT mice led to significantly increased recruitment of DCs, neutrophils,
inflammatory monocytes, and NK cells compared with sham WT mice (Supplementary Fig.
4). However, the ablation of 1L-33 conferred a stable innate immune environment and
numbers of DCs, neutrophils, inflammatory monocytes, and NK cells remained unchanged
after liver I/R compared with sham KO mice. These data demonstrate that the absence of
IL-33 down-regulates inflammatory immune responses by decreasing the influx of innate
immune cells in the ischemic tissue after liver I/R.

IL-33 released from hypoxic LSECs stimulates neutrophils to form NETSs in vitro

DAMPs are released from stressed cells during liver I/R to invoke an inflammatory response
and subsequent liver damage [21, 23]. Consistent with other studies [19, 32], we also found
IL-33 only localized in LSECs in the normal liver and overexpressed in both LSECs and
hepatocytes after liver I/R (Fig. 1E). /n vitro, we isolated murine LSECs or hepatocytes and
exposed the cells in culture to hypoxia to mimic the ischemic microenvironment of I/R
injury. IL-33 protein expression was significantly higher in LSECs than in hepatocytes at
baseline and both were further up-regulated after stimulation with hypoxia (Supplementary
Fig. 5A). Of note, we further isolated murine Hepatic Stellate Cells (HSC) and Kupffer cells
and exposed them to hypoxia. Similarly, IL-33 protein expression was higher in LSECs than
in HSC or Kupffer cells after stimulation with hypoxia (Supplementary Fig. 5B).
Immunofluorescent staining of IL-33 in LSECs isolated from normoxic WT mice revealed
strong nuclear staining whereas the LSECs exposed to hypoxia (1% oxygen) led to
translocation of IL-33 into cytoplasm (Supplementary Fig. 6A).

Bone marrow derived neutrophils were incubated with the conditioned media from hypoxic
or normoxic LSECs. Similar to the PMA-treated neutrophils (positive control), significantly
higher levels of MPO-DNA complexes and cit-H3 levels were observed after stimulation of
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hypoxic LSECs media, compared to normal media stimulation (negative control) (Fig. 3A
and Fig. 3B). Conversely, IL-33 neutralizing antibody treatment reduced MPO-DNA
complex levels in hypoxic media-treated neutrophils. Similarly, NET formation was
decreased after stimulation with conditioned media from hypoxic IL-33 KO LSECs
compared with IL-33 WT LSECs. These results were confirmed by immunofluorescent
imaging (Supplementary Fig. 6B).

We next determined whether I1L-33 induces NET formation directly. Mouse bone marrow
derived-neutrophils treated with different concentrations of rIL-33 demonstrated a dose-
dependent increase in MPO-DNA complexes and cit-H3 levels (Fig. 3B and Supplementary
Fig. 6C). Immunofluorescence confocal microscopy confirmed NET formation after
stimulation of rIL-33 (Fig. 3C). For additional confirmation, we visualized NET formation
by Incucyte® intravital confocal microscopy in real time in response to rIL-33 /n vitro. Real-
time video acquisition demonstrated a stable and robust SYTOX green release, indicating
NET formation, beginning 1 hour after stimulation by rIL-33. Quantification of NET
formation based on intra-vital video has also shown that stimulation of rIL-33 significantly
increased NET formation compared with PBS control and almost as much as the PMA. (Fig.
3D and 3E and Supplementary video 1).

IL-33 induces NET formation through ST2 signaling

Although IL-33 has been shown to enhance neutrophil recruitment, whether neutrophils
express 1L-33 membrane receptor ST2L, remains controversial [11, 33]. Here, we confirm
that neutrophils expressed the 1L-33 receptor ST2L at baseline. Both mRNA and protein
levels of ST2L increased dramatically after PMA or rIL-33 stimulation (Supplementary Fig.
6D and 6E), suggesting that neutrophils express ST2L that is up-regulated in response to
riL-33.

We next sought to determine whether 1L33 induces NET formation by activating neutrophil
ST2L. We measured MPO-DNA complexes in the media of ST2 KO neutrophils after
stimulation of rIL-33, and found a significant decrease compared to WT neutrophils after
stimulation (Fig. 4A). ST2 WT neutrophils stimulated with rlL-33 exhibited increased
citrullination of histone H3 compared to untreated WT neutrophils. ST2 KO neutrophils
failed to citrullinate histone H3 in response to rlIL-33 (Fig. 4B). Furthermore, no NETs were
observed in ST2 KO neutrophils after stimulation of exogenous rIL-33 and LSECs hypoxia
media by immunofluorescence confocal microscopy (Fig. 4C and Supplementary Fig. 6F).
Quantification of NETs by Incucyte® video revealed that rlL-33 stimulation failed to induce
NETs in ST2 KO neutrophils (Fig. 4D). Collectively, these results suggest that IL-33
released from LSECs induced NET formation in naive neutrophils /in vitro through ST2L
signaling pathways.

NET formation after liver I/R in mice is dependent on IL33/ST2 signaling

To determine if IL-33 induces NET formation through ST2 /n vivo, we subjected ST2 KO
mice to liver I/R. We found that serum levels of circulating MPO-DNA complexes,
nucleosomes and HMGB1, were significantly reduced in ST2 KO mice compared to their
wildtype counterparts (Fig. 5A and Supplementary Fig. 7A). Of note, decreased number of
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neutrophils infiltration after hepatic I/R were observed in the ST2 KO mice compared to WT
(Supplementary Fig. 7E). Similarly, less cit-H3 was observed in ischemic liver lobes in ST2
KO mice compared with WT mice after liver I/R (Fig. 5A). ST2 KO mice were found to be
protected (Fig. 5B and Supplementary Fig. 7B) and had decreased serum levels of the
inflammatory mediators, TNF-a and IL-6 response following liver I/R compared to their
WT counterparts (Fig. 5C). Similar results of decreased hepatocellular injury and NET
formation were also seen in sST2-treated mice compared to PBS-treated mice (Fig. 5D-F,
Supplementary Fig. 7C and 7D).

To further study whether NET formation during liver I/R is specifically dependent on ST2
on neutrophils in response to 1L-33, we performed neutrophil depletion in WT mice by
injection of anti-Ly6G monoclonal antibody. Neutrophils obtained from ST2 KO or WT
mice were adoptively transferred into neutrophil-depleted WT mice that were then subjected
liver I/R. We found that adoptive transfer of ST2 KO neutrophils resulted in significantly
fewer circulating MPO-DNA complexes and lower tissue levels of citrullinated-histone H3
compared to WT mice receiving adoptive transfer of WT neutrophils (Fig. 6A). These
results demonstrate that NET formation after liver I/R is a result of ST2 within circulating
neutrophils. Moreover, liver damage, indicated by SALT levels, was significantly reduced in
the mice receiving adoptive transfer of ST2 KO neutrophils and correlated with decreased
NET formation (Fig. 6B).

Discussion

The cellular responses to I/R encompass a diverse network that includes cell injury and
death due to innate and adaptive immune responses which ultimately culminate in end organ
damage and dysfunction. It is known that the late phase of I/R is dependent on infiltrating
immune cells and innate immune signaling [2]. In our present study, we describe an innate
immune response to I/R by which the “dual-function” alarmin IL-33 initiates a feed-forward
signaling pathway in neutrophils. Under liver I/R stress, IL-33 released from LSECs drives
infiltrated neutrophils to form NETS through the IL-33/ST2 signaling pathway, consequently
promoting hepatotoxicity and systemic inflammation.

Various types of cells can be stimulated to produce and release 1L-33 [6], especially barrier
cells such as keratinocytes, epithelial cells, fibroblasts, endothelial cells. Activated
leukocytes, such as macrophages, dendritic cells and mast cells are also sources of 1L-33. In
the liver, LSECs, hepatocytes and hepatic stellate cells have been reported to express and
release IL-33 in response to hepatic stress and injury [19, 34, 35]. We found that IL-33 is
mainly expressed in LSECs in the normal liver and that expression of IL-33 in LSECs was
drastically increased during liver I/R. Compared with hepatocytes and other cells LSECs
serve as the main source of IL-33 after stimulation with hypoxia (Supplementary Fig. 5B).

The response to I1L-33 signaling is determined by the cell types that express its receptor ST2.
The main IL-33-responsive cell types are immune cells, including CD4* T cells, CD8* T
cells, Treg cells, dendritic cells, NK cells, NKT cells, mast cells, easinophils, and
macrophages [7]. In context, these cell types shape an organ and tissue-specific response
within their respective microenvironment. However, little is known about the role of
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IL33/ST2 signaling in neutrophils. Whether neutrophils express ST2 is controversial [11, 13,
33]. In our findings, we show that mouse bone marrow-derived neutrophils express ST2 and
that expression is markedly increased by PMA or I1L-33. Our present study provides here, to
our knowledge, the first evidence that IL-33 directly induces neutrophils through ST2 to
form NETSs and that this can be blocked by gene depletion of ST2 on neutrophils. Our
human data shows consistent results that elevated 1L-33 serum levels in patients undergoing
liver resection strongly correlates with postoperative NET production. We recently
demonstrated that HMGB1 and histones from damaged hepatocytes, serve as DAMPs, elicit
NET formation during liver sterile inflammation which exacerbates organ damage and
inflammatory response [5]. Here, we show that another nuclear protein released into the
extracellular space after cellular insult, IL-33 has similar DAMP functions and can initiate
NET formation during liver I/R. Additionally, we found that damaged LSECs serves as the
major resource of 1L-33 during liver I/R. Whether damaged or stressed LSECs actively or
passively released IL-33 in response to liver I/R injury remains unclear and needs further
investigation.

IL-33 has been previously demonstrated as hepato-protective with 1L-33 pre-treatment or
anti-ST2 neutralizing antibody treatment in a mouse model of warm hepatic I/R [31].
However, over-expression of sST2 before I/R has been shown to reduce injury, indicating the
pathophysiologic role of 1L-33/ST2 signaling in warm I/R [36]. While we confirmed this
protective effect with pre-treatment of 1L-33 in liver I/R, we observed that 1L-33 promotes
NET formation, causing liver damage and systemic inflammation when administered after
ischemia. The discordance of these findings seems to be a result of using different time
points of IL-33 treatment. Pre-treatment of 1L-33 thus might confer a pre-conditioning effect
on the liver, a phenomenon that has been well-documented [37]. Additionally, pre-treatment
with IL-33 alters the immune cell phenotype of ST2-expressing cells in the liver - including
DC’s, NK-T cells, and regulatory T cells [38] — which might well reduce the subsequent
innate immune response after ischemic injury. Also, pre-treatment of 1L-33 might lead to
SST2 secretion as a decoy receptor of 1L-33, against its further damage effects. This should
be an active area of future investigation into the seeming paradoxical function of 1L-33 in
liver injury.

Interestingly, recent studies have also demonstrated controversial roles of 1L-33 in the model
of Concanavalin-A (Con-A) induced-acute hepatitis [15] [39] [40]. Furthermore, I1L-33/ST2
signaling has been shown to have a protective role in other diseases [41, 42]. While these
studies shed light into the potential mechanism of IL-33, it is unknown whether these
mechanisms may be operant in the same manner during I/R injury. 1L-33 role may depend
on inflammation site and stimulant types or timing in relation to the hepatotoxic insult.

In conclusion, we demonstrate a novel pathologic mechanism whereby warm hepatic I/R
injury causes up-regulation and release of the DAMP molecule IL-33 primarily from LSECs,
which acts in a paracrine manner on ST2-expressing neutrophils to form NETS, to propagate
hepatotoxicity and systemic inflammation (Fig. 6C). These findings confirm the notion that
endogenous DAMP signaling drives sterile inflammatory responses after I/R injury.
Furthermore, measures to disrupt the I1L-33/ST2 signaling axis - such as administration of
IL-33 decoy receptor, sST2 or neutralization of 1L-33 - during I/R would protect against
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hepatic inflammatory injury and confer a potential therapeutic intervention for sterile
inflammation occurring liver surgeries.
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Highlights

Patients underwent major liver resection showed a significant increase in
serum IL-33 levels

Evaluation of 1L-33 forming NETSs via ST2 signaling pathway is investigated
in liver I/R model

LSECs released IL-33 resulted in sterile inflammation after hepatic I/R by
inducing NET formation
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Lay summary

Liver ischemia and reperfusion injury results in the formation of neutrophil extracellular
traps inevitably contribute to organ damage in liver surgeries. Here we show, IL-33 is
released from liver sinusoidal endothelial cells to promote NET formation during liver
I/R, in turn, exacerbate inflammatory cascades augmenting sterile inflammation.
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Fig. 1. Sterile inflammatory injury causes increased secretion of serum IL-33 by LSECs
accompanying NETs formation

(A) Paired analysis of pre-operative and post-operative (n=36) IL-33 levels in patients
(p<0.0001). (B) Serum IL-33 levels in patients undergoing major (n=32) or minor liver
surgery (n=9) or in healthy controls (n=10). Higher serum IL-33 levels in liver resected
patients (Median 3.1 pg/mL after minor and 10.51 pg/mL after major liver resection,) when
compared with healthy control (Median 1.63 pg/mL). (C) Serum IL-33 and MPO-DNA
levels showed increased correlation coefficient when measured postoperatively (Spearman’s
coefficient 0.7, p<0.001). (D) Protein and serum levels of 1L-33 were higher in liver
ischemic tissue at 1h and 6h than sham mice; mean = SEM (n=6-10). *,** P < 0.05 versus

&
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sham. (E) Immunofluorescent staining reveals an increase colocalization of LSECs and
IL-33 staining after I/R
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Fig. 2. IL-33 depletion leads to protective effects against inflammatory liver injury after I/R
(A) Serum MPO-DNA levels and cit-H3 levels were measured in 1L-33 KO mice after I/R.

*P<0.05 versus WT. (B-C) Less serum ALT, quantification of necrotic area, and TNF-a and
IL-6 levels were observed in 1L-33 KO mice after I/R. *P<0.05 versus IL-33 WT. (D)
Increased serum MPO-DNA levels and citH3 protein levels were observed in rlL-33
administered mice. *P<0.05 versus. PBS-treated mice. (E-F) Increased serum ALT,
quantification of necrotic area, and TNF-a and I1L-6 levels were observed in rIL-33
administered mice. *P<0.05 versus PBS-treated mice.
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Fig. 3. IL-33 released from hypoxic LSECs stimulates neutrophils to form NETs
(A) Bone marrow derived neutrophils were cultured with conditioned media from hypoxic

LSECs. Higher MPO-DNA levels were observed in the neutrophil media after stimulation of
hypoxic media compared to levels in normoxic media. This effect was reduced significantly
when treated with the anti-1L-33 neutralizing antibody (P<0.05). (B) Serum MPO-DNA
levels demonstrate rlL-33 dose-dependent-increase when administered exogenously. When
compared with rIL-33, neutrophils treated with LSECs hypoxia medium also demonstrated
increase Cit-H3 protein levels. This was confirmed by immunofluorescence confocal
microscopy Green: 1L-33; red: actin; blue: DAPI (C). (D-E) NET formation was visualized
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in real-time by Incucyte® intravital confocal microscopy in response to rlL-33 indicating
NET formation. This was quantified based on intra-vital video showing stimulation of
riL-33 significantly increased NET formation compared to PBS control and PMA.
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Fig. 4. NET formation is induced by I1L-33 via ST2 signaling pathway
(A) Quantification of MPO-DNA complexes in ST2 KO neutrophil media with rl1L-33

treatment demonstrated a significant decrease (*P<0.05) compared to WT neutrophil media
after stimulation. (B) ST2 WT neutrophils treated with rIL-33 exhibited increased cit-H3
compared to untreated neutrophils whereas ST2 KO neutrophils failed to citrullinate histone
H3 in response to stimulation of rIL-33. (C) Confocal microscopy images revealed no NETS
formation in ST2 KO neutrophils after rIL-33 stimulation. Green: IL-33; red: actin; blue:
DAPI. (D) rIL-33 stimulation failed to induce NETs in ST2 KO neutrophils when quantified
by Incucytes® intravital confocal microscopy.
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Fig. 5. NETs formation in mice is dependent on I1L-33/ST2 signaling pathway after liver Ischemia
and reperfusion

(A) Serum MPO-DNA levels and cit-H3 protein levels were measured in ST2 KO mice after
I/R. *P<0.05 versus ST2 WT. (B—C) Decreased serum ALT, quantification of necrotic area,
TNF-a and IL-6 levels were also observed in ST2 KO mice after I/R. *P<0.05 versus ST2
WT. (D) Decreased serum MPO-DNA complex levels and cit-H3 protein levels were
observed. Data represents significant fold decrease in sST2 administered mice compare to
PBS-treated mice. (E-F) Decreased serum ALT, quantification of necrotic area, TNF-a and
IL-6 levels were observed in sST2 administered mice. *P<0.05 versus PBS-treated mice.
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Fig. 6. Adoptive transfer of ST2 KO neutrophils in WT neutrophil-depleted mice resulted in
protective effects after liver I/R

(A) Serum MPO-DNA levels and tissue cit-H3 protein levels were measured. Adoptive
transfer of ST2 KO neutrophils resulted in significantly fewer circulating MPO-DNA and
lower cit-H3 expression compared to WT mice receiving adoptive transfer of WT
neutrophils. (B) Significantly reduced serum ALT levels indicated reduced liver injury in
adoptively transferred ST2 KO neutrophils mice. (C) During liver I/R, DAMP IL-33 released
from damaged LESCs, acts in a paracrine manner on ST2-expressing neutrophils to form
NETs. Formation of NETs during I/R propagate hepatotoxicity and systemic inflammation.
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